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Metal-containing nanoparticles (MCPs) have been applied in fields ranging from 
environmental monitoring to biomedicine. This breadth is due to the outstanding behavior 
of MCPs as catalysts and imaging agents, and the ease with which nanoparticle morphology, 
composition, and reactivity (such as agglomeration) can be controlled. The work described 
in this dissertation will have two fundamentally different foci that are both essential for 
further development of MCPs as tools for chemical and bioanalysis. The first focus is on 
particle-by-particle characterization MCPs and the second focus is on creation of new 
composite MCPs. A total of four projects are included in this dissertation as follows. 
The first project shows how to optimize a relatively new analysis method, single-
particle inductively-coupled plasma mass spectrometry (spICP-MS), for the particle-by-
particle characterization of MCPs. Bulk analysis methods such conventional ICP-MS 
produce an aggregate signal derived from many particles at once, whereas spICP-MS 
produces a discrete per-particle signal that is monitored over time to produce an ensemble 
of per-particle signals. Bulk analysis is very reliable for obtaining accurate average metal 
content per particle because the signal is inherently an average for many particles. However, 
all per-particle information is lost with bulk analysis methods. Conversely, spICP-MS 
provides a very rare window into the per-particle composition of MCPs; however, its 
method parameters such as particle concentration, ICP ionization efficiency, and dwell time 




to optimize spICP-MSfor large MCPs—a particularly challenging size range—by using 
standard samples of gold nanoparticles ranging from 30 nm to 150 nm.  
The second project uses properly optimized spICP-MS conditions to measure per-
particle metal concentration of large-sized (> 100 nm) silica nanoparticles prepared by the 
water-in-oil microemulsion method and doped with tris(2,2’-bipyridyl)ruthenium(II). This 
is a well-studied MCP model that provides numerous avenues for bulk analysis (e.g., 
absorption spectrophotometry) and comparison with spICP-MS findings. Despite excellent 
correspondence of all methods for average Ru content over a wide range in doping levels, 
the per-particle doping level provided by spICP-MS does not—remarkably—adhere to a 
simple Gaussian-like distribution but shows a highly unusual geometric distribution. This 
result means, contrary to common assumption, the per-particle concentration of metal-
dopant in silica nanoparticles prepared by the water-in-oil microemulsion method varies 
significantly per particle. These findings demonstrate that spICP-MS provides an essential 
per-particle window into MCP composition that is entirely missing with conventional bulk 
analysis methods. They also show that spICP-MS screening should become a routine 
characterization for new MCPs. 
The third project shows how to prepare and apply a ratiometric and fluorescent 
MCP for the sensitive and selective in vitro imaging of copper ions (Cu2+).  This MCP 
contains conjugated polymer dots prepared from polydioctylfluorene (PFO), doped with a 
silica nanoparticle (PFO@SiO2), and assembled with red emissive gold nanoclusters 
(AuNCs) at the PFO@SiO2 surface to form a sandwich nanostructure, 
PFO@SiO2@AuNCs. This nanostructure exhibits two fluorescence emission peaks 




with carboxyl groups on the AuNCs, the AuNC emission decreases in contrast to the 
constant PFO emission. This behavior provides a highly sensitive and selective ratiometric 
signal that can be applied for in vitro imaging and determination of Cu2+ in biological 
samples.  
The fourth project develops a turn-off type fluorescence resonance energy transfer 
(FRET) method based on a MCP composite that is sensitive to cysteine. The composite 
consists of AuNCs conjugated with polyvinylcarbazole polymer nanoparticles (PVK PNs) 
that demonstrate a strong FRET between two distinct fluorescence emission peaks under 
excitation of 342 nm. The MCP composite is highly sensitive to cysteine concentration 
though a quenching process at 630 nm due to the decomposition of aurophilic bonds 
consisting of Au(I)-thiolate ligands under high pH value and the etching ability of cysteine 






INTRODUCTION OF METAL-CONTAINING NANOPARTICLES 
1.1. Significance of Metal-Containing Nanoparticles 
Nanomaterials have at least one dimension between 1 to 100 nm.1 Generally, 
nanomaterials can be classified into different groups based on various criteria. Besides their 
dimensionality, their overall shape, and their chemical composition, among the zero-
dimension nanomaterials with spherical shape, nanomaterials can be further categorized 
into metal-containing nanoparticles and nonmetal-containing nanoparticles. The metal-
containing nanoparticles (MCPs) studied or developed for this dissertation comprise a 
metal nanocluster and its composite, various metallic nanoparticles, and a metal-doped 
nanoparticle. However, this is small subset of MCPs compared to the numerous types 
developed in many different areas of research over the past decade and that are still 
garnering attention at the scientific and commercial level. Compared with a bulk metallic 
material, MCPs with same metallic composition show unique size-dependent 
characteristics and have valuable physicochemical characteristics, including excellent 
electronic properties, high mechanical and thermal stability, good magnetic properties, 
large surface area, and distinctive optical properties.2 These enhanced properties have 
enabled MCPs to be used in different fields including agriculture,3, 4 industry,5, 6 and 
environment.7, 8 Furthermore, MCPs have been applied in areas of health and medicine 
such as drug delivery,9 gene delivery,10 anticancer activity,11 bioimaging,12 biosensing,13 
and tissue engineering.14 The development of MCPs has made a revolutionary impact in 
every aspect of human life. 




have proposed and developed in both industrial and academic venues. This list introduces 
the different types of MCPs that are the focus of this dissertation: 
1) Metal nanoclusters and their composites. Metal nanoclusters have the small size 
of around 2 nm that typically distinguished them from nanoparticles.15 Their interesting 
quantum confinement effects result from a more discrete electronic structure than larger 
nanomaterials. These effects produce useful molecular-like photophysical and 
photochemical properties such as strong luminescence and photothermal convention.16, 17 
Metal nanoclusters of gold (AuNC), silver (AgNC), copper (CuNC), and palladium 
(PdNC), as well as their composites have becoming promising materials as both catalysts 
for reactions and the signaling agent in sensors.18-20 
2) Metallic nanoparticles. Metallic nanoparticles are nanoscale materials composed 
of one component that either an elemental metal or a metal oxide. They have unique optical 
properties and exhibit advantage of high surface area.21, 22 Elemental metallic nanoparticles, 
such as gold (AuNP) and silver (AgNP), as well as metal oxide nanoparticles of titanium 
dioxide (TiO2NP) are often used in the optical devices and catalytic reactions.
23, 24  
3) Metal-doped nanoparticles. These MCPs are inherently multicomponent and are 
usually composed of a metal oxide matrix as the major component along with a minor 
amount of some type of metal compound that is intercalated or otherwise ‘doped’ into the 
metal oxide matrix. Because the metal oxide provides a scaffolding that can be easily 
modified with covalent reagents and the metal dopant serves as an optically- or 
magnetically-active modifier that can be easily interchanged, this type of MCP offers a 
great deal of synthetic flexibility and the ability to tune the nanomaterial for specific tasks. 




biomedical and energy applications and silica nanoparticles doped with the well-known 
chromophore and lumiphore, tris(2,2’-bipyridyl)ruthenium(II) (Ru-SiO2 NP), have been 
applied widely in fields of drug delivery, bioimaging, biosensing, and catalysis.25-29  
1.2. Synthesis of Metal-Containing Nanoparticles 
Many strategies, which range from chemical methods to physical approaches, have 
been developed to prepare the MCPs. In general, these approaches can be classified as 
either top-down and bottom-up approaches. In the top-down methods, different techniques 
such as laser ablation30-32 and ultrasound radiation33, 34 are used to control the size of MCPs 
until the desired morphological and dimensional aspects are achieved from the bulk 
material. In the bottom-up approach, chemical or biological agents are applied to reduce 
metal salts and stabilize the metal atoms to form the desired MCPs. There are merits and 
deficiencies to both kinds of synthetic approaches. For instance, toxic solvents and low 
cost are common features of the bottom-up methods,35, 36 while the top-down methods are 
often easier to control and offer high reproducibility but require expensive instruments.37, 
38 
1.3. Characterization of Metal-Containing Nanoparticles 
The MCPs have many measurable characteristics, such as optical, electronic, and 
thermal properties, which differ considerably from those of the bulk metallic materials. To 
evaluate the synthesis of the MCPs and their suitability for applications in various fields, 
many well-developed and validated analytical techniques have been adapted to 
characterize the chemical and physical properties of the MCPs. For example, the 
morphology (i.e., shape and size) of MCPs is usually studied using the electron 




MCPs is determined by light scattering,40 the chemical composition and quantification of 
the average metal mass concentration of the MCPs is often analyzed by atomic 
spectrometry.41 The physical and chemical properties of the MCPs that are most useful to 
know and are often the focus of MCP characterization include composition, size, shape, 
agglomeration/aggregation state, surface area, size distribution (i.e., how size varies across 
a large number of NPs), stability, surface chemistry, and surface roughness.42, 43 
Development of new and better methods for the characterization of MCPs plays very 
important role in the knowledge and development of MCPs.  
1.4. Challenges in Studies of Metal-Containing Nanoparticles 
Further development of MCPs requires advancement in both their characterization 
and their application. Among the characterization methods currently used for MCPs, bulk 
analysis methods such as conventional inductively-coupled plasma mass spectrometry 
(ICP-MS) and various forms of molecular spectrophotometry (e.g., absorbance and 
fluorescence) are by far the most common. They have been well-developed to characterize 
the chemical and physical properties of MCPs and they have been commercially available 
for decades. However, characterization of MCPs with bulk analysis methods only provides 
information about average composition and it cannot provide per-particle information. 
These methods also have limitations in the measurement of potentially complex sample 
matrices under environmental condition/biological system. To better understand the 
composition MCPs down to the particle level, better particle-by-particle characterization 
methods need to be developed. This is especially true for MCPs near the nanoparticle size 
limits of very small (ca. 1 nm) and very large (ca. 100 nm).  




their unique optical and electronic properties, nanoclusters are among the most promising 
new MCPs for use analysis applications. However, low quantum yield of nanoclusters is a 
present barrier to their wider application and more development work is clearly needed to 
take full advantage of their unique behavior. 
1.5. Goals of This Dissertation 
The work described in this dissertation addresses two main goals. One goal is to 
improve the single particle analysis of MCPs by using ICP-MS and thereby provide the 
better particle-level information that can be used to aid the synthesis and application of 
these materials. This goal is addressed in separate projects described in Chapters 1 and 2. 
The other goal is to develop better gold nanocluster MCPs and to explore their applications 
for biosensing and bioimaging. This goal is addressed in separate projects described in 
Chapters 4 and 5.  
The first goal addressed in this dissertation—improving the particle-by-particle 
characterization of MCPs—utilizes a relatively new method called single-particle ICP-MS 
(spICP-MS). Chapter 2 is focused on optimizing the operating conditions of spICP-MS, 
such as dwell time and particle concentration, using gold nanoparticle standards over a 
wide size range. Chapter 3 is focused on using optimum spICP-MS conditions to 
characterize metal content of ruthenium-doped silica nanoparticles (Ru-SiO2 NPs)—a 
challenging MCP material because of its multicomponent composition. 
The second goal addressed in this dissertation—exploring new applications of 
MCPs—utilizes gold nanoclusters to improve sensitivity for analytes in biological systems. 
Chapter 4 describes the development of a new sandwich structured ratiometric nanoprobe 




describes the development of a new FRET-based ratiometric nanohybrid that enhances the 





OPTIMIZATION OF SINGLE-PARTICLE ICP-MS AND THE INFLUENCE OF 
PARTICLE SIZE  
2.1. Introduction 
The use of metallic nanoparticles has greatly expanded over the last decade in 
research fields as diverse as catalysis,44, 45 energy,46, 47 biology and medicine.48-50 Much of 
this expansion is due to their ease of synthesis and functionalization, excellent stability, 
and good biocompatibility.51-53 However, the increased use of metallic nanoparticles, 
especially in consumer products, has also raised concerns about their potential impact on 
human health and the environment.54-56 In this regard, it is essential to develop a diverse 
and robust array of methods to analyze samples containing metallic nanoparticles at 
environmental concentration. Techniques typically used for metallic colloid nanoparticle 
characterization such as transmission electron microscopy (TEM),57 dynamic light 
scattering (DLS),58 nanoparticle tracking analysis (NTA),59 and UV-vis spectroscopy,57, 58, 
60 provide a wealth of information but also suffer from limitations that include drying 
artifacts, long analysis time period, poor selectivity, and low sensitivity.59, 61, 62 Moreover, 
most of these methods only provide average properties of the individual nanoparticles 
contained in the sample and can miss important characteristics or differences at the particle 
level. 
As an emerging analytical technique, single particle inductively-coupled plasma 
mass spectrometry (spICP-MS) provides valuable merits of high sensitivity and excellent 
selectivity which make it a promising and maturing method for the rapid quantitative 
analysis of individual metal-containing nanoparticles (MCPs). Compared to conventional 




measurement cycle (ms versus s) and a much lower analyte concentration (< 108 
nanoparticles/L versus > 1013 metal ions/L). The low NP concentration improves the 
likelihood that only one MCP will enter the plasma during the shortened measurement 
cycle, and the short measurement cycle allows the mass spectrometer to accurately quantify 
the discrete pulse of a target isotope (in units of counts) generated from the atomization of 
a single nanoparticle by the plasma.62-64 Metals are most commonly used as the target 
isotopes for both sp- and conventional ICP-MS because of their lower ionization energy 
(compared to most non-metals or metalloids) which usually results in higher sensitivity.65-
67  
To date, spICP-MS has been used most often to measure the concentration 
individual MCPs based on the number of discrete pulses of the target metal isotope detected 
relative to the volume of analyte solution entering the plasma.  Recent examples of 
particle concentration analysis include environmental samples to study the fate of metallic 
nanoparticles from commercial products68-71 and expanding application in bio-labeling 
assays.72-74 A much more challenging spICP-MS analysis is determination of the amount 
of metal contained within individual metallic nanoparticle, which in-turn provides 
individual particle size if the particle shape and component density are known. Such 
analysis requires a calibration to convert the discrete pulse of target isotope (in units of 
counts per NP) into the number of metal atoms per NP. The metallic nanoparticles 
(primarily Au and Ag) are most often characterized in this manner because their size and 
density are well-defined.62, 75, 76 Accuracy of the isotope pulse calibration cannot be 
overstated for this type of analysis and a number of method factors, including the 




time period over which counts are integrated for a single MS reading), and introduced 
particle number concentration must be carefully considered during method validation.64, 77-
80 
So far, spICP-MS has only been used to measure metal concentration within of 
individual MCPs smaller than 100 nm.77, 81, 82 The work presented in this chapter provides 
an assessment whether accurate per-particle analysis can be extended to the challenging 
large size range (> 100 nm) by optimization of measurement parameters. Gold 
nanoparticles (AuNPs) were selected for this assessment to simplify the analysis challenge 
and to take advantage of the ready availability of different particle sizes with consistent 
geometrical characteristics. To assess the accuracy of quantitation, several affecting 
parameters including particle number concentration, particle ionization efficiency, and 
dwell time (integration period) were studied in in-depth across a broad size range (30 – 150 
nm diameter) and optimized based on standard protocols and methods. Finally, the spICP-
MS results acquired with optimized parameters were compared with analysis results 
obtained using the bulk method of conventional ICP-MS and the single particle analysis of 
TEM. 
2.2. Experimental Section 
2.2.1. Materials 
Stock standard solutions of gold nanoparticles suspended in purified water and 
with diameters of 30 nm (AuNP-30), 60 nm (AuNP-60), and 150 nm (AuNP-150) were 
obtained from BBI Solutions (Crumlin, UK) and Nanopartz (Loveland, CO, USA).  Stock 
standard solutions of 100 mg/L ionic gold in nitric acid was purchased from Inorganic 




10.0 µg/L (serial dilution with 2 % nitric acid) for ICP-MS calibration. Optima grade nitric 
acid purchased from VWR (Radnor, PA, USA) and ultrapure (type 1, 18.2 M·cm) reagent 
water from a Millipore Synergy (Burlington, MA, USA) purification system were used to 
prepare all ICP-MS solutions and for all analysis work. Gases used for ICP-MS operation 
included Grade 4.8 liquid argon used for plasma and nebulizer operation and Grade 5 
helium used as an inert collision gas for kinetic energy discrimination (KED).  
2.2.2. Instruments 
All ICP-MS measurements were performed with a Thermo Scientific iCAP Qc 
inductively coupled plasma mass spectrometer (Waltham, MA, USA) controlled by 
QtegraTM software (version 2.8.2944.202). This instrument was equipped with a 4-channel 
12-roller peristaltic pump, nickel sample and skimmer cones, a Teledyne CETAC ASX560 
autosampler, a microflow perfluoroalkoxy nebulizer, and a Peltier-cooled quartz cyclonic 
spray chamber. The instrument was tuned daily with THERMO-4AREV for a maximum 
59Co, 238U and minimum 140Ce16O/140Ce oxide signals. A Hitachi 7500 transmission 
electron microscope (Tokyo, Japan) was used to obtain TEM images of AuNPs. A Zetasizer 
Nano (Malvern Panalytical, UK) was applied for the measurement of Zeta potential of 
AuNPs.  Measurement processing and graphing was performed using Microsoft Excel, or 
OriginPro Lab (Northampton, MA, USA). 
2.2.3. Concentration units and conventions used for nanoparticle solutions 
Two concentration units were used routinely for characterization of AuNP solutions. 
These included particle number concentration (P, number of nanoparticles per liter, NP/L) 
and mass concentration (Ci, mass of metal per liter, g/L). These concentrations units are 




nanoparticles used in this work, particle number concentration can be converted to mass 
concentration using the TEM-measured radius (R, cm) and assumed gold density (, 19.3 
g/cm3), as shown in Eq. 2-1. 
 𝐶𝑖 = 𝑃 ×
4
3
𝜋𝑅3 × 𝜌 × 106 (2-1) 
The usual convention adopted throughout this work was to use mass concentrations 
for ionic gold solutions and number concentration for solutions containing whole AuNPs.  
However, two specific situations favored use of the opposite conventions: (i) Number 
concentrations were used for solutions of digested AuNPs that contained ionic gold. (ii) 
Mass concentrations were used for solutions of whole AuNP in conventional ICP-MS 
measurements of particle ionization efficiency.  
2.2.4. Measurement of average number of Au atoms per NP 
Transmission Electronic Microscope. Samples were prepared for TEM analysis 
according the generic protocol of the UK National Physical Laboratory.83 Specifically, 
AuNP samples were diluted with ultrapure water to a concentration of 1.0 × 109 NP/L and, 
to prevent the aggregation of AuNPs, the solution was sonicated for 2 min in a bath before 
depositing a 3.0 L aliquot onto the surface of a copper TEM grid. The TEM samples were 
dried in the air for 24 h prior to analysis. The obtained TEM images were processed with 
Image J software to measure the size of individual AuNPs. A number of Au atoms per NP 
was calculated (Eq. 2-2) by using the TEM-measured radius, assumed gold density, gold 







× 𝑁𝐴  (2-2) 
An average number of Au atoms per NP (𝑁𝑃̅̅̅̅ ) was then determined by averaging numbers 









  (2-3)  
Conventional ICP-MS. Instrument operating conditions are listed in Table 2.1. All 
other instrument parameters were optimized to meet requirements as defined by the 
manufacturer prior to method calibration and analysis. Calibration and quality-control 
procedures typically followed EPA method 200.8 (Revision 5.4). Sample analysis was 
performed in KED mode for all experiments. Solutions containing 1.0 g/L digested 
AuNPs in 2 % nitric acid and 10.0 µg/L of Ge and Bi internal standard were combined 
from separate pump channels and introduced together to the ICP-MS nebulizer. The target 
isotope, 197Au, was monitored relative to the internal standards (74Ge and 209Bi) and its 
signal was calibrated using 0.02, 0.1, 1.0, and 10.0 g/L of ionic Au standards in 2 % nitric 
acid. Because a long dwell time and a high number of averaged sweeps were used in the 
conventional ICP-MS configuration (Table 2.1), the concentration determined for the 
AuNP samples corresponded to a bulk concentration of Au averaged over a large volume 
of solution. The average number of Au atoms per NP (?̅?𝑃) was determined by solving for 
a concentration of AuNPs (Ci, g/L), multiplying by Avogadro’s number (NA), and dividing 


























peristaltic pump 4-channel, 12-roller 4-channel, 12-roller 
pump speed (rpm) 20 20 
sample tubing (mm ID) 0.508 0.508 
internal-standard tubing (mm 
ID) 
0.508 not used 
waste tubing (mm ID) 1.295 1.295 
nebulizer Microflow PFA-ST Microflow PFA-ST 
nebulizer gas flow (L/min) 1.09 1.05 
spray chamber quartz cyclonic quartz cyclonic 
spray chamber temperature (℃) 2.70 2.70 
Plasma 
torch ICAP Q quartz   ICAP Q quartz 
Rf power (W) 1550 1550 
coolant gas flow (L/min) 14 14 
plasma gas flow (L/min) 0.8 0.8 
sample injector quartz (2.5 mm ID)  quartz (2.5 mm ID) 
Mass spectrometer 
sample cone nickel nickel 
skimmer cone nickel nickel 
cone insert 3.5 mm 2.8 mm 
mode KED STDS 
KED gas flow (mL/min) 4.6 0 
dwell Time (ms) 50 5, 10, 20, and 50 
sweeps 10 0 





spICP-MS. Instrument operating conditions are listed and compared to 
conventional ICP-MS conditions in Table 2.1. A conversion to high-sensitivity standard 
mode (STDS) was required for single-particle measurements with a physical replacement 
of the cone separator insert and sample probe. All other instrument parameters were 
optimized to meet requirements as defined by the manufacturer prior to method calibration 
and analysis. Calibration and quality-control steps typically followed the RIKILT Standard 
Operating Procedure for counting and sizing of nanoparticles.84  Time-resolved data 
acquisition, which included signal calibration, was controlled using the QtegraTM software 
plug-in (version 2.8.2944.202). Varied sizes of AuNPs, including 30, 60, and 150 nm, were 
serially diluted with high purity water to 5.00 × 107, 2.50 × 107, 1.25 × 107, and 5.00 × 106 
NP/L. Target 197Au isotope counts were monitored, and a series of ionic Au calibration 
standards 0.1 to 10.0 µg/L were measured to allow conversion of counts per NP (𝐼𝑃) to a 
number of Au atoms per NP (𝑁𝑃).  
To obtain this conversion, the measured counts per dwell time (I) for each ionic 
metal standard solution were averaged over the entire sampling interval (𝐼)̅ and Eq. 2-5 
was used to transform the solution mass concentration (Ci, g/L) to a mass of metal 
reaching the plasma per dwell time (W, g) with parameters of sample flow rate (𝑢, 0.2 
mL/min) and transport efficiency (𝜂𝑛, see section 2.2.5 below).
64  
 𝑊 =  𝜂𝑛 × 𝑢 × 𝑡𝑑𝑤𝑒𝑙𝑙 × 𝐶𝑖  (2-5) 
The calibration equation of 𝐼 ̅ versus W (with slope m and y-intercept bforced = 0) yielded 
an expression for mass of metal per NP (WP, g) when the isotope count per NP (𝐼𝑃 ) 
occurred within one dwell time and the particle ionization efficiency (i,, see section 2.2.6 




 𝑊𝑃 =  
𝐼𝑃
𝑚×𝜂𝑖
  (2-6) 
To prevent the false conversion of instrument noise to metal concentrations, only counts 
greater than a discrete noise threshold (see section 2.2.7 below) were considered NP events.   
Finally, the number of Au atoms per NP (𝑁𝑃) was obtained using the molecular weight of 
the metal (𝑀) and Avogadro constant (𝑁𝐴) as shown in Eq. 2-7.
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 𝑁𝑃 =  
𝑊𝑃
𝑀
 × 10−6 × 𝑁𝐴  (2-7) 
To compare the 𝑁𝑝 results of per-particle measurements with the ?̅?𝑃  results of bulk 
measurements (TEM and conventional ICP-MS), the n measurements of NP over one 
sampling interval were averaged as shown in Eq. 2-8.    





  (2-8) 
2.2.5. Measurement of transport efficiency 
Transport efficiency is defined as the amount of analyte entering the plasma relative 
to the amount of analyte delivered to the nebulizer and spray chamber within a defined 
measurement period. Only a small fraction of liquid sample pumped into the ICP-MS 
nebulizer enters the plasma because all large microdroplets formed by the nebulizer collide 
with the walls of the spray chamber and are carried away as waste. Transport efficiencies 
for AuNP solutions of known number concentration were determined using the particle 
number method. Here, the number of AuNPs counted by spICP-MS within a certain 
sampling period is divided by the number of particles contained within the sampled volume 
of solution and multiplied by 100.64 A long dwell time of 50 ms and a low particle number 
concentration of 5.00 × 106 NP/L was used for all transfer efficiency determinations in this 




minimized. No significant difference was found between the transport efficiencies 
determined for 30 nm, 60 nm, and 150 nm AuNPs so an averaged value of 8.9 % ± 0.1 % 
was used for all samples. 
2.2.6. Measurement of particle ionization efficiency 
Consistent with literature procedures, particle ionization efficiency (i,) was 
measured for all nanoparticle sizes with the ICP-MS instrument operating in conventional 
mode rather that single-particle mode.64 An aliquot of 0.5 mL of 50.0 mg/L AuNPs of 30 
nm, 60 nm, and 150 nm was digested overnight at room temperature using a 2.0 mL aliquot 
of aqua regia solution in order completely oxidize and dissolve the AuNPs to ionic Au. 
Both the individual and digested AuNPs of 30 nm, 60 nm, and 150 nm were diluted to 5  
107 NP/L and transported into spICP-MS to verify the digestion degree. An aliquot of 10.0 
mL of 1.0 g/L digested and undigested AuNPs were introduced into a conventional ICP-
MS, respectively.  The ionization efficiency was obtained by using the intensity of 
undigested AuNPs divided by the intensity of digested AuNPs and multiplying to 100. 
Ionization efficiencies used for AuNPs in all spICP-MS measurements was 80 % ± 4 %, 
76 % ± 5 %, and 65 % ± 2 % corresponding to 30 nm, 60 nm, and 150 nm, respectively. 
2.2.7. Number distribution histograms 
Because the 197Au counts measured over most dwell times by spICP-MS remain at 
background levels and do not contain information about AuNPs in the sample, it is more 
convenient to view these data sets as a number distribution histogram. Using OriginPro 
Lab, the number of times that 197Au counts per dwell time (Ip in equations above) fall within 
discreet histogram intervals (usually 5 counts in width and called the histogram bin size) 




signals measured for each interval on the y-axis and the initial 197Au signal of the interval 
on the x-axis. Data presented as these number distribution histograms were often processed 
further to show number distributions versus mass of metal (Wp using Eq. 2-6) or number 
of metal atoms (Np using Eq. 2-7).  Moreover, 
197Au signal intervals were usually sorted 
by discrete thresholds to distinguish background detector noise from signals caused by 
nanoparticles, and also to distinguish signals caused by split-, whole-, and multiple-
particles (see section 2.2.8 for a description of these signal thresholds). 
2.2.8. Thresholds used for counting nanoparticles 
Nanoparticle threshold. The electron multiplier used as the mass spectrometer 
detector in ICP-MS produces a background shot-noise signal (in counts per dwell time) 
that combines with any signal generated by the target isotope. A threshold criterion used 
to distinguish a nanoparticle signal from the shot-noise background (Eq. 2-9) was 
developed from the shot-noise signal average (𝐼?̅?𝑙𝑎𝑛𝑘) and standard deviation (𝜎𝑏𝑙𝑎𝑛𝑘) that 
was measured for a blank solution. Signals that exceeded this threshold were considered 
the result of either a split, whole or multiple nanoparticles. 
 Nanoparticle threshold > 𝐼?̅?𝑙𝑎𝑛𝑘 + 5 × 𝜎𝑏𝑙𝑎𝑛𝑘 (2-9) 
Split- and multiple-particle thresholds. Because nanoparticles enter the plasma in 
a random manner, there is some finite chance that the signal generated by a single particle 
is split between two successive dwell-time measurements. This means the signal of one 
dwell-time measurement is much lower than for one particle (henceforward called a split-
particle event). There is also some finite chance that two or more particles enter the plasma 
simultaneously so the signal of one dwell-time measurement is much higher than for one 




changing dwell time and nanoparticle concentration, but optimization of these conditions 
requires an objective signal threshold for each type of event. The thresholds applied in this 
work were based on a Gaussian analysis of the number distribution of nanoparticle signals 
derived from a spICP-MS data set (see section 2.2.7 for a description of this number 
distribution). The number distribution was fit with a Gaussian distribution formula to 
determine a Gaussian mean (?̅?) and standard deviation (𝜎𝐺). Whole, single nanoparticles 
were assumed to have signals within three standard deviations of the mean (?̅? ± 3 × 𝜎𝐺), 
split-particle events were assumed to have signals below ?̅? − 3 × 𝜎𝐺  (Eq. 2-10), and 
multiple-particle events were assumed to have signals above ?̅? + 3 × 𝜎𝐺  (Eq. 2-11).   
 Split-particle threshold < ?̅? − 3 × 𝜎𝐺  (2-10) 
 Multiple-particle threshold > ?̅? + 3 × 𝜎𝐺  (2-11) 
To more easily compare the number of split- and multiple-particle events when optimizing 
for spICP-MS conditions, each was converted to a percentage by dividing with the total 
number of nanoparticles detected (based on Eq. 2-9) and multiplying by 100. 
2.3. Results and Discussion 
2.3.1. Design of MCPs analysis by spICP-MS 
To demonstrate the procedure and data processing used for single particle analysis 
by spICP-MS, a stepwise example is provided in Scheme 2.1. This example was performed 
with the ICP-MS in single-particle mode (Table 2.1) with a 10 ms dwell time and a sample 
of 30 nm of AuNPs at a concentration of 2.50 × 107 NP/L. Final results of the analysis 
include the number of metal atoms for well over 104 individual NPs (𝑁𝑃) and the average 
number of metal atoms per NP (?̅?𝑃) for this ensemble. The five fundamental steps of the 




1. Analyze ionic gold standards to calibrate 197Au counts with the amount of gold 
entering the plasma per dwell time (Scheme 2.1A and 2.1B). 
2. Analyze a AuNP solution to acquire 197Au counts for individual NPs over a three-
minute sampling period (Scheme 2.1C) and generate a number distribution plot of 197Au 
counts per NP (Scheme 2.1D).  
3. Convert the 197Au counts per NP to Au mass per NP using the calibration 
provided by ionic gold standards (Scheme 2.1E). 
4. Convert Au mass to number of Au atoms per NP (𝑁𝑃, Scheme 2.1F). 
5. Calculate the average number of Au atoms per NP (?̅?𝑃) for the entire ensemble 





Scheme 2.1. Data process illustration of 30 nm AuNPs with spICP-MS measurement to 




Step 1. Before analyzing a AuNP solution, a series of ionic gold standards are 
introduced and the average 197Au counts per dwell time (𝐼 ̅) must demonstrate direct 
proportionality to the solution concentration in g/L (Scheme 2.1A). This proportional 
concentration is then converted to the mass of Au entering the plasma per dwell time in 
units of g (Eq. 2-5) by knowing the nebulizer transfer efficiency (𝜂𝑛) and flow rate of 
solution (𝑢), which in this work were 8.9 % and 0.2 mL/min, respectively. The resulting 
plot (Scheme 2.1B) serves as a calibration of measured 197Au counts to mass of Au entering 
the plasma per dwell time and is needed to process data obtained with AuNP solutions. 
Step 2. A partial spICP-MS data set for 30 nm AuNPs is shown in Scheme 2.1C. 
The 197Au counts per dwell time remain close to zero for most readings but occasionally 
and randomly increase (to ca. 200 counts) when a AuNP enters the plasma. Critical 
assumptions used in this analysis are that 197Au counts for each AuNP occur entirely within 
one dwell time (i.e., a signal is not split between successive dwell times) and 197Au counts 
correspond to only one AuNP (i.e., a signal is not generated from multiple particles). 
Validity of these assumptions and conditions that favor them will be discussed in Section 
2.3.3. Because the 197Au counts measured over most dwell times remain at background 
levels and do not contain information about AuNPs in the sample, it is more convenient to 
view these data sets as a number distribution plot. Using OriginPro Lab, the number of 
times that 197Au counts per dwell time fall within a discreet interval can be readily 
calculated and plotted (Scheme 2.1D). The highest numbers are observed for the lowest 
197Au counts per dwell time because these represent background readings. Readings 
corresponding to individual AuNPs have 197Au counts per dwell time that are significantly 




measured standard deviation of a blank solution (Eq 2-9). Moreover, these readings show 
a Gaussian-like distribution centered near 200 197Au counts per dwell time. 
Steps 3. Using the signal calibration obtained Step 1, 197Au counts per dwell time 
are converted to mass of Au per NP (Eq. 2-6 and Scheme 2.1E). An important factor in this 
conversion is the particle ionization efficiency (i,), which indicates how completely the 
AuNP is atomized and then ionized during the short time it spends within the torch plasma. 
NP material and size both have an influence on this efficiency. For the 30 nm AuNPs used 
in this example, the particle ionization efficiency is 81 %  5 %. 
Steps 4 and 5. Finally, mass per NP is converted to number of Au atoms per NP 
(𝑁𝑃, Eq. 2-7 and Scheme 2.1D) and the average number of Au atoms per NP is calculated 
(?̅?𝑃, Eq. 2-8) for the entire ensemble of sampled NPs.   
2.3.2. Characterization of AuNPs with TEM and Zeta Potential 
Figure 2.1(A-C) shows AuNPs of various sizes homogeneously distributed on the 
surface of copper grid and characterized by TEM. A great majority of the monodispersed 
AuNPs were spherical in shape with measured sizes of 31 ± 2 nm (AuNP-30), 54 ± 4 nm 
(AuNP-60), and 125 ± 9 nm (AuNP-150) (Figure 2.1D), although a small percentage of the 
AuNPs had irregular shapes. These AuNPs had dumbbell or hexagon shapes (Figure 2.2). 
Zeta potentials of theses AuNP-30, AuNP-60, and AuNP-150 samples were also measured 
in phosphate buffered saline solution (10 mM, pH=7.4) and found to be -31 ± 1 mV, -27 ± 
2 mV, and -30 ± 1.0 mV, respectively. Such negative values favor a high degree of 






Figure 2.1. TEM images (A-C) of AuNPs with varied sizes. (A), 30 nm. (B), 60 nm. 









2.3.3. Optimization of spICP-MS conditions 
Accuracy of the spICP-MS measurements made in this work depend on the 
validity of several key assumptions of the method: (i) 197Au counts for each AuNP occur 
entirely within one dwell time (i.e., a signal is not split between successive dwell times). 
(ii) 197Au counts correspond to only one AuNP (i.e., a signal is not generated from multiple 
particles). (iii) Only 197Au counts greater than the average plus five-times the background 
noise (5 × 𝜎𝑏𝑙𝑎𝑛𝑘) of a blank solution are generated by an individual AuNP. Therefore, 
optimization of the spICP-MS method amounts to finding conditions of dwell time and 
particle concentration that best meet all three of these assumptions and yields sufficiently 
high signal-to-noise. This section will demonstrate this optimization strategy for the AuNP-
30 sample and present the final optimized spICP-MS conditions for all three particle sizes 
studied in this work (30, 60, and 150 nm diameter). The parameters selected to optimize 
spICP-MS dwell time and particle concentration included (a) the percentage of split-
particle evens, (b) the percentage of multiple-particle events, (c) the signal-to-noise ratio 
(S/N), and (d) the percentage of NPs detected. The remainder of this section will describe 
each optimizing parameter in detail. The next section (2.3.4) will then compare the average 
number of Au atoms per NP measured under optimized spICP-MS conditions for all three 
AuNP sizes with the same average measured by conventional ICP-MS and by TEM. 
Optimizing spICP-MS conditions for minimum split- and multiple-particle events 
(i.e., assumptions (i) and (ii) above) was performed by fitting the number distribution 
histograms obtained at different dwell times with a Gaussian distribution function (Figure 
2.3). This fitting allowed particle events to be categorized as split, single or multiple so that 




2.2.8 for thresholds used for counting nanoparticles). Fewer split-particle events occurred 
with increasing dwell time in spICP-MS measurements as confirmed by the percentages of 
measured split-particle events for the AuNP-30 samples, which gradually decreased from 
11.8 % to 0.1 % as dwell time increased from 5 ms to 50 ms (Table 2.2). However, increased 
dwell time also had negative impacts of lengthening the sampling period (from 3 min for a 
5 ms dwell time, to 30 min for a 50 ms dwell time) and increasing the number of multiple-
particle events. Although no offsetting parameter could remedy the increased sampling 
period with longer dwell times, it was found that particle concentration could be decreased 
proportionally to keep the number of multiple particle events essentially constant. The 
proportionality that seems to offer consistent but low multiple-particle events was a value 
of 250 000 s NP/L (dwell time × particle number concentration) and it was used thorough 
this work. Effectiveness of this proportionality is confirmed by the percentages of 
measured multiple-particle events for the AuNP-30 samples, which remained nearly the 







Figure 2.3. Signal histogram of raw data (background signals colored blue, particle signals 
colored orange) in spICP-MS measurements of AuNP-30 at different dwell times. (A), 5 
ms, 5.00107 NP/L. (B), 10 ms, 2.50107 NP/L. (C), 20 ms, 1.25107 NP/L. (D), 50 ms, 















Percent of split 
particle event  
(%) 
Percent of multiple 







5 5.00107 3 12.  1. 3.3  0.1 100.  1. 89.  6. 
10 2.50107 6 3.  1. 3.1  0.4 75.  1. 89.4  0.8 
20 1.25107 12 2.8  0.4 4.4  0.6 73.  2. 81.8  0.7 




In addition to percentages of split- and multiple-particle events, signal-to-noise 
ratio (S/N) was also used as an optimizing parameter. ‘Signal’ in these spICP-MS 
experiments was measured as the average 197Au counts per detected NP in a data set and 
‘noise’ was set to the NP detection threshold (Eq. 2-9); i.e., the average 197Au counts plus 
five-times the standard deviation of 197Au counts obtained from solution without AuNP 
(i.e., a blank solution). Figure 2.4 (A-D) shows a partial time-base plot of 197Au counts 
obtained for a blank solution using 5, 10, 20, and 50 ms dwell times, respectively. With 
increased dwell time, both the average intensity and standard deviation of the 197Au counts 
increased but the standard deviation increased more. This effect yielded relative standard 
deviations that increased from 35.2 % with a 5 ms dwell time to 46.1 % with a 50 ms dwell 
time (Figure 2.4E). The source of noise in these spICP-MS experiments (i.e., 197Au counts 
without any gold being present within an integration-measurement period defined by the 
dwell time) was most likely shot-noise from the electron-multiplier detector of the mass 
spectrometer (i.e., random electron ejections between the high-voltage dynodes of the 
detector). Because more of this noise is integrated over a longer dwell time measurements 
in spICP-MS,85 it was generally observed that longer dwell times yield more noise in the 
measurements. Table 2.2 shows the S/N determined for AuNP-30 by spICP-MS at different 
dwell times. The ratios decreased from 100  1 with a 5 ms dwell time to 36.7  0.9 with 





Figure 2.4. spICP-MS spectra (A-D) and average intensity and standard deviation (E) of 
197Au counts in blank without AuNP at dwell times. (A), 5 ms. (B),10 ms. (C), 20 ms. (D), 
50 ms. (3600 readings per measurement) 
 
The final parameter used for optimization was the percentage of NPs detected (𝜑) 
during the sampling period (Eq. 2-12) and a value close to 100 % indicated good adherence 
to assumption (iii) above. This percentage was calculated as the number of NPs detected 
during the sampling period (𝑁𝐷) divided by the number calculated to reach the plasma over 




× 100 % (2-12) 
The number of NPs calculated to reach the plasma over the same period was determined 
by using parameters of particle number concentration (P, number of nanoparticles per liter, 
NP/L), sample flow rate (𝑢, 0.2 mL/min), sampling period (, min), and transport efficiency 
(𝜂𝑛, see section 2.2.5), as shown in Eq. (2-13). 
 𝑁𝐶 = 𝑃 × 𝑢 × 𝜂𝑛 × 𝜏 × 10
−3 (2-13) 




change much with dwell time and mostly remained well above 80 % for the conditions 
tested.   
The optimization results given in Table 2.2 for 30 nm AuNPs demonstrate that a 10 
ms dwell time and corresponding particle concentration of 2.50 ×107 NP/L yielded the best 
overall performance of low split- and multiple-particle percentages, high S/N, and a 
detected particle percentage close to 100 %. Optimization results for 60 and 150 nm AuNPs 
are given in Tables 2.3 and 2.4, respectively, and they reveal that longer dwell times (with 
correspondingly lower particle concentrations) were much better suited for these larger 
particles. This was especially apparent from percentages of detected NPs which 
significantly exceeded 100 % for shorter dwell times due to high numbers of split-particle 
events. Overall, a 50 ms dwell time with 5.0 ×106 NP/L yielded the best performance with 















Percent of split 
particle event  
(%) 
Percent of multiple 








5 5.00107 3 27.4  0.7 12.9  0.5 50.5  0.8 122.  3. 
10 2.50107 6 15.  2. 15.5  0.5 4.0  0.2 112.  3. 
20 1.25107 12 10.1  0.4 18.7  0.8 4.0  0.1 112.  1. 
50 5.00106 30 2.7  0.2 11.0  0.9 2.2  0.1 87.  2. 
 











Percent of split 
particle event  
(%) 
Percent of multiple 








5 5.00107 3 47.9  0.9 7.5  0.4 48.  1. 172.  1. 
10 2.50107 6 31.5  1.1 9.3  0.4 42.7  0.7 154.  3. 
20 1.25107 12 20.1  0.6 11.0  0.9 45.0  0.7 131.3  0.9 




2.3.4. Validation of optimized spICP-MS method by comparing results from other methods 
To validate optimized spICP-MS as an accurate method for measurement of metal 
content across a broad MCP size range (AuNP-30, AuNP-60 and AuNP-150), results were 
compared with similar metal content measurements provided by TEM and conventional 
ICP-MS. The transformation of analysis by TEM, conventional ICP-MS, and spICP-MS to 
the average number of Au atoms per NP were described in section 2.2.4. Two parameters 
including relative error value and p-value from Analysis of Variance (one-way ANOVA) 
were used for statistical analysis to validate the optimized spICP-MS method.  A relative 
error was determined by using the average number of Au atoms per NP from spICP-MS 
(?̅?𝑃−𝑠𝑝) at different operating conditions and that (?̅?𝑃−𝑡𝑖) from TEM or conventional ICP-
MS (Eq. 2-14). The absolute relative error value close to 0 % indicated a good 
correspondence between spICP-MS at a certain operating condition and TEM or 




× 100 % (2-14) 
 Table 2.5 for the comparison of average number of Au atoms per NP by TEM and 
spICP-MS indicates a small absolute relative error value was achieved for 30 nm AuNPs 
at 10 ms with a concentration of 2.50 ×107 NP/L, for 60 nm AuNPs at 20 ms with a 
concentration of 1.25 ×107 NP/L, and for 150 nm AuNPs at 50 ms with a concentration of 
5.00 ×106 NP/L. Validation results given in Table 2.6 indicate operating conditions in 
spICP-MS to find a small absolute relative error kept a good agreement with that form 
Table 2.5 for the 30 and 60 nm AuNPs. However, 150 nm AuNPs at 10 ms dwell time and 
corresponding particle concentration of 2.50 ×107 NP/L had a small absolute relative error 




A regular Analysis of Variance (one-way ANOVA) was also performed to 
statistically compare theses average number of Au atoms per NP obtained through three 
different methods. Table 2.5 shows no significant differences between Au atom averages 
obtained by spICP-MS and TEM (p-values above 0.05) except when the largest AuNPs (60 
and 150 nm) were analyzed with shortest (5 ms) dwell time. The poor correspondence for 
60 and 150 nm AuNPs was caused by production of many split-particle events in the spICP-
MS measurements. The same type of one-way ANOVA comparison between Au atom 
averages obtained by spICP-MS and conventional ICP-MS are shown in Table 2.6. Here, 





Table 2.5. Comparison of average number of Au atoms per NP with TEM method and spICP-MS at dwell time 5, 10, 20, and 50 ms. 
Dwell time  
(min) 
30 nm 60 nm 150 nm 
Relative error (%) p-value (0.05) Relative error (%) p-value (0.05) Relative error (%) p-value (0.05) 
5 -11.2 0.48 -59.7 9.510-5 -39.2 0.04 
10 -2.8 0.86 -20.2 0.19 -10.2 0.59 
20 11.4 0.47 -8.9 0.58 11.4 0.56 
50 -9.8 0.54 -24.3 0.11 6.6 0.73 
 
Table 2.6. Comparison of average number of Au atoms per NP with conventional ICP-MS method and spICP-MS at dwell time 5, 10, 
20, and 50 ms. 
Dwell time  
(min) 
30 nm 60 nm 150 nm 
Relative error (%) p-value (0.05) Relative error (%) p-value (0.05) Relative error (%) p-value (0.05) 
5 -9.0 0.50 -59.4 0.18 -35.9 0.45 
10 -0.5 0.96 -19.7 0.30 -5.3 0.87 
20 14.2 0.56 -8.4 0.62 17.2 0.58 





This chapter demonstrated how to optimize spICP-MS measurements of MCPs 
across a broad size range and to accurately determine metal content on both a per-particle 
and average basis. Standard samples of AuNPs with diameters of 30 nm, 60 nm, and 150 
nm were used throughout this work. Several spICP-MS experimental parameters including 
particle number concentration, integration period (also called dwell time), and nebulizer 
transport efficiency, particle ionization efficiency were investigated and the first two 
conditions were optimized for each particle size to achieve the smallest split- and multiple-
particle events, the highest signal-to-noise (S/N), and the percent of detected NPs closest 
to 100%. To maintain a low but consistent percentage of multiple-particle events, it was 
generally found that particle concentration had be reduced proportionally if dwell time was 
increased. The proportionality constant that yielded the best and quickest results with the 
instrument used in this work was 250 000 s NP/L (e.g., for 30nm AuNPs, (5 ms)·(5 × 107 
NP/L) = 250 000 s NP/L). It was also generally found that increasing the dwell time with 
a proportional decrease in particle concentration yielded lower percentage of split-particle 
events and higher percentage of detected NP, but a poorer S/N. Within these constraints, 
the optimum dwell time and particle concentration for each particle size were found to be 
10 ms dwell time with 2.50 ×107 NP/L for 30 nm AuNPs and 50 ms dwell time with 5.0 
×106 NP/L for 60 and 150 nm AuNPs. Finally, these optimized spICP-MS conditions for 
each particle size were validated by comparing values of average number of Au atoms per 
NP with the same parameter determined by TEM (another single-particle method) and 
conventional ICP-MS (a bulk measurement method). No statistically significant 




may be concluded that the spICP-MS method described herein is a promising tool to 






AN UNPRECEDENTED METAL DISTRIBUTION IN SILICA NANOPARTICLES 
CHARACTERIZED BY SINGLE-PARTICLE INDUCTIVETLY COUPLED PLASMA 
MASS SPECTROMETRY  
3.1. Introduction 
Metal-containing nanoparticles (MCPs) are finding increasing use in fields of 
catalysis,86, 87 sensing,88, 89 and medicine,48-50 yet this greater use of MCPs raises questions 
about metal distribution at the nanoparticle level. Typical nanomaterial characterization 
methods such as UV-Vis spectroscopy and dynamic light scattering only provide bulk 
concentration of the metal that is an average across many particles. The few traditional 
methods that provide analysis at the particle level, such as scanning electron microscopy 
coupled with energy dispersion spectroscopy (SEM-EDS) and nanoparticle tracking 
analysis (NTA), suffer numerous limitations including drying artifacts, long analysis times 
(or low number of per-particle analyses), poor selectivity, and low sensitivity.90, 91  
Single-particle inductively coupled plasma-mass spectrometry (spICP-MS) is a 
mature method that provides reliable particle-by-particle analysis for large numbers of 
particles (> 10,0000) in a relatively short period of time (< 3 min). The method combines 
the high sensitivity and selectivity inherent to the ICP-MS with rapidly timed 
measurements designed to capture the selected isotope signal of individual nanoparticles. 
By introducing nanoparticles to the plasma as a low-concentration aqueous solution (< 1 
×108 nanoparticles/L), vaporization, atomization and ionization of the individual particles 
generates an ion cloud that is sampled by the mass spectrometer and detected as a transient 
signal pulse (< 5 ms) for the selected metal isotope. The intensity of the pulse is 




pulses during the ca. 3 min sampling period provides the particle number concentration.  
Over the last decade, most applications of spICP-MS have focused on the per-
particle analysis of one-component nanoparticles such as gold and silver (AuNPs and 
AgNPs).71, 92-94 Montoro Bustos et al. reported that spICP-MS had capability to detect mean 
size and number size distribution of commercial AuNPs regardless of size or coating.82 
Minelli et al. have synthesized different binding degrees of 80 nm AuNPs and measured 
their nanoparticle number concentration by using spICP-MS.95 The measurement with 
spICP-MS was in close agreement for monodisperse AuNPs within 10 % agreement. 
Tadjiki et al. demonstrated that the density values of engineered AgNPs calculated from 
spICP-MS methodology were in reasonable agreement with the results with combination 
of centrifugal field-flow fractionation and transmission electron microscopy.96 Meanwhile, 
our has group reported that AuNPs modified with specialized DNA are able to determine 
ionic mercury with a detection of limit as low as 0.031 ng/L.97  
Although there have also been other reported studies and applications utilizing 
spICP-MS,98-102 very little research to date has focused on determination of per-particle 
metal concentration distribution in multicomponent NPs. To date only one study has 
demonstrated the use of spICP-MS to determine the per-particle metal composition of a 
multicomponent MCP; in this case, a MCP derived from environmental samples.103 The 
present work provides a second example of per-particle metal determination for a model 
multicomponent MCP; in this case for a very common type of silica nanoparticle composite 
synthesized using microemulsion conditions. It also demonstrates the benefit of screening 
per-particle composition by spICP-MS versus bulk methods (UV-visible absorption and 




distribution was found for this common type of silica-based MCP.  
3.2. Experimental Section 
3.2.1. Materials 
Tetraethyl orthosilicate (TEOS, 99.999 %), tris(2,2`-bipyridyl) 
dicholororuthenium(Ⅱ) chloride hexahydrate ([Ru(bpy)3]Cl2·6H2O, 99.95 %), N-[(3-
trimethoxysilyl)propyl]-ethylenediamine triacetic acid trisodium salt (40 % in water),  
polyoxyethylene glycol tert-octylphenyl ether (Triton X-100, 2-
(C8H17)C6H4(OCH2CH3)10OH, BioXtra), ammonia hydroxide (28.0 % NH3 in water), n-
hexanol (>= 99 %), cyclohexane (99.5 %), acetone (>= 99.9 %), and ethanol (>= 99.5 %) 
were obtained from Sigma-Aldrich (St. Louis, MO, USA). A stock standard suspension of 
150 nm gold nanoparticles capped with citrate was purchased from Nanopartz (Loveland, 
CO, USA).  Stock standard solutions of 100,000 g/L-1 ionic ruthenium and of 100,000 
g/L-1 gold in nitric acid were purchased from Inorganic Ventures (Christiansburg, VA, 
USA) and were each used to make working standards with 2 % optima-grade nitric acid 
(Radnor, PA, USA) for ICP-MS calibrations. Deionized (DI) water (18.2 M·cm) was 
produced from a Millipore Synergy (Burlington, MA, USA) purification system and used 
for all nanoparticle synthesis and all analysis in this work. Grade 4.8 liquid argon was used 
for plasma and nebulizer operation in all ICP-MS measurements. Grade 5 helium was used 
as an inert gas in kinetic energy discrimination for all conventional ICP-MS measurements.  
3.2.2. Instruments 
A Hitachi 7500 transmission electron microscope (Tokyo, Japan) was used to take 
transmission electron microscope (TEM) images of purchased gold nanoparticles (AuNPs) 




Zetasizer Nano (Malvern Panalytical, UK) was used for the measurement of Zeta potential 
and hydrodynamic diameter of Ru-SiO2 NPs.  A PerkinElmer Lambda 1050 UV/VIS/NIR 
spectrometer (Santa Clara, CA, USA) was used to measure the absorbance spectra of Ru-
SiO2 NPs. A Thermo Scientific iCAP Qc quadrupole ICP-MS (Waltham, MA, USA) 
controlled with QtegraTM software (version 2.8.2944.202) was used to perform all ICP-MS 
measurements. This the sampling interface of this instrument included a Teledyne CETAC 
ASX560 autosampler operating with a carbon fiber sample probe, a multichannel 
peristaltic pump operating with PVC tubing, a microflow perfluoroalkoxy nebulizer, a 
Peltier-cooled quartz cyclonic spray chamber. To evaluate the performance of this 
instrument, THERMO-4AREV standard solution obtained from Thermo Scientific 
(Waltham, MA, USA) was checked daily for a maximum 59Co, 115In, 238U and minimum 
140Ce16O/140Ce signal. All single particle measurement with ICP-MS was performed in 
high-sensitivity standard mode.  Microsoft Excel Spreadsheet and OriginPro Lab 
(Northampton, MA, USA) were used for data processing and measurement evaluation.  
3.2.3. Synthesis of Ru-SiO2 NPs 
The Ru-SiO2 NP samples were prepared in triplicate by a water-in-oil 
microemulsion method similar to the literature.104 For each sample, 7.50 mL of 
cyclohexane, 1.77 mL of Triton X-100, and 1.60 mL of n-hexanol were combined and 
stirred for 20 min to produce a stable oil-phase solution. A stable microemulsion was 
formed by adding 240 L of water solution containing 0.0, 13.3, 26.7, 53.4, to 106.8 mM 
tris(bipyridyl)ruthenium(II) ([Ru(bpy)3]
2+) and stirring for an additional 20 min. After that, 
240 L of TEOS, 100 L of ammonia hydroxide was added in 20 min intervals and the 




of nanoparticles in aqueous solution, they were post-coated with carboxyl groups by adding 
100 L of TEOS and 20 L of N-[(3-trimethoxysilyl)propyl]ethylenediamine triacetic acid 
into the microemulsion system. After another 24 h, acetone was added to break the 
microemulsion and the post-coated Ru-SiO2 NPs were isolated by centrifugation at 11,000 
rpm for 15 min. The particles were re-suspended and washed three times with ethanol and 
three times with deionized water. The Ru-SiO2 NPs were re-suspended in deionized water. 
The mass concentration (Ci, g/L) of Ru-SiO2 NPs (Eq. 3-1) was determined simply by 
dividing the mass (𝑚𝑐, mg) of dried Ru-SiO2 NPs by the volume (𝑉, 1.5 mL) of these Ru-
SiO2 NPs liquid sample. A 1.5 mL of varied doping level of Ru-SiO2 NPs suspension was 
taken into one glass container to dry for 24 h at 120 ℃ and then used to weight to obtain 




× 103  (3-1) 
The suspensions containing Ru-SiO2 NPs with different doping levels were adjusted to 0.4 
mg/mL to yield a stock solution. 
3.2.4. Concentration unit conventions used for nanoparticle solutions 
Two concentration units, particle number concentration (P, number of nanoparticles 
per liter, NP/L) and mass concentration (Ci, mass of metal per liter, g/L), were used for 
measurements of metal-containing nanoparticles (MCPs) solutions by UV-vis, 
conventional ICP-MS, and spICP-MS. The number concentration was usually used for 
solutions consisting of whole MCPs, while the mass concentration was typically used for 
ionic metal solutions. However, three specific situations favored use of the opposite 
conventions: (i) Number concentrations were used for solutions of digested metal 




of whole MCPs in conventional ICP-MS measurements of particle ionization efficiency. 
(iii) Mass concentrations were used with bulk analysis methods (e.g., UV-vis and 
conventional ICP-MS) for solutions of whole MCPs. 
3.2.5. Measurement of mass of metal per NP  
spICP-MS. Instrument operating conditions are listed and compared to 
conventional ICP-MS conditions in Table 3.1. Calibration and quality-control steps 
typically followed the RIKILT Standard Operating Procedure for counting and sizing of 
nanoparticles.25 A 5 ms dwell time ( 𝑡𝑑𝑤𝑒𝑙𝑙 , ms) and a 180 s sampling interval 
(corresponding to 36,000 individual measurement) were used in most experiments. Sample 
flow rate (u, 0.20 mL/min) was measured daily in triplicate by weighing 600 s of water 
uptake. The measurement of nebulizer transport efficiency (n) by using standard AuNPs 
was described Chapter II section 2.2.5 and its value was 8. 9 ± 0.8 %. NP samples were 
diluted to 5.0 × 107 NP/L with high purity water, target isotope count was monitored (197Au 
for AuNP and 102Ru for Ru-SiO2 NP), and a series of ionic metal calibration standards (0.1 
− 10.0 µg/L for ionic Au standards and 0.05 −5.0 µg/L for ionic Ru standards) were 
measured to allow conversion of counts per NP (Ip) to a metal mass per NP (Wp, g).  
To determine the metal mass per NP using the metal isotopes counts per NP in 
spICP-MS measurement, the transformation of the ionic metal solution concentration (Ci, 
g/L) to a mass of ionic metal entering the plasma per dwell time (W, g) was carried out 
using the sample flow rate (u, 0.20 mL/min) and nebulizer transport efficiency (n), as 
shown in Eq. 3-2.64   
 𝑊 =  𝜂𝑛 × 𝑢 × 𝑡𝑑𝑤𝑒𝑙𝑙 × 𝐶𝑖 (3-2) 




averaged over the entire sampling period (𝐼 ̅). Afterwards, the calibration equation of 𝐼 ̅
versus W (with slope m and y-intercept bforced = 0) yielded an expression for mass of metal 
per NP (Wp, g) using the isotope count per NP (Ip) occurred within one dwell time and the 
particle ionization efficiency ( see Chapter II section 2.2.6 for AuNPs and Chapter III 
section 3.2.7 for Ru-SiO2 NPs below) in Eq. 3-3.
64 
  𝑊𝑃 =  
𝐼𝑝×𝜂𝑖
𝑚
  (3-3) 
To minimize the contribution of instrument noise to the detected NP signals, only 
signals greater than a discrete noise threshold (see Chapter II section 2.2.8 for description) 
were considered NP events. This threshold was determined from signals measured for a 
blank solution and processed over an entire sampling period 180 s in Microsoft Excel 
Spreadsheet; specifically, the blank signal average plus five-times the blank signal standard 











peristaltic pump 4-channel, 12-roller 4-channel, 12-roller 
pump speed (rpm) 20 20 
sample tubing (mm ID) 0.508 0.508 
internal-standard tubing (mm 
ID) 
0.508 not used 
waste tubing (mm ID) 1.295 1.295 
nebulizer Microflow PFA-ST Microflow PFA-ST 
nebulizer gas flow (L/min) 1.09 1.05 
spray chamber quartz cyclonic quartz cyclonic 




torch ICAP Q quartz   ICAP Q quartz 
Rf power (W) 1550 1550 
coolant gas flow (L/min) 14 14 
plasma gas flow (L/min) 0.8 0.8 
sample injector quartz (2.5 mm ID)  quartz (2.5 mm ID) 
Mass spectrometer 
sample cone nickel nickel 
skimmer cone nickel nickel 
cone insert 3.5 mm 2.8 mm 
mode KED STDS 
KED gas flow (mL/min) 4.6 0 
dwell Time (ms) 50 5 
sweeps 10 0 





Transmission Electronic Microscope. The characterization of AuNPs by TEM was 
described in Chapter II 2.2.4. In the Ru-SiO2 NPs samples, the preparation of TEM samples 
also followed the instruction from the UK National Physical Laboratory.83 Briefly, Ru-SiO2 
NPs with varied dopant liquid samples were diluted with DI water to particle concentration 
of 1.0 × 109 NP/L.  Prior to pumping a 3.0 L aliquot of the solution onto the surface of 
a copper grid to make the TEM samples, the solutions were sonicated for 2 min in a water 
bath. The TEM samples were dried at room temperture for 24 h before characterization. 
The diameter of individual Ru-SiO2 NP was measured by using the TEM images with 
Image J software. In the AuNPs, a theoretical metal mass per NP (𝑊𝑡−𝐴𝑢, g) of AuNPs 
yielded by using the TEM-measured radius (R, cm) and assumed density of AuNPs (, 19.3 
g/cm3) in Eq. 3-4. 
  𝑊𝑡−𝐴𝑢 =
4
3
𝜋𝑅3 ×  × 106  (3-4) 
In the Ru-SiO2 NPs over a broad doping level samples, an assumption which the 
[Ru(bpy)3]
2+ dispersed in an individual nanodroplet was entirely encapsulated by the silica 
space was established to calculate the theoretical metal mass per NP of Ru-SiO2 NPs. The 
theoretical metal mass per NP (𝑊𝑡−𝑅𝑢, g) of Ru-SiO2 NPs was determined (Eq. 3-5) by 
using the TEM-measured radius (R, cm), the amounts of [Ru(bpy)3]
2+ dispersed in single 
formed nanodroplet (𝑚𝑟, moles per milliliter, M/mL), and the ruthenium molecular mass 
(𝑀, 101 g/mol). 
   𝑊𝑡−𝑅𝑢 =
4
3
𝜋𝑅3 × 𝑚𝑟 × 𝑀 × 10
6 (3-5) 
3.2.6. Measurement of number of metal atoms per NP  
spICP-MS. The detailed information on characterization of Ru-SiO2 NPs with 




number of metal atoms per NP (𝑁𝑃) using the metal isotopes counts per NP in spICP-MS 
measurement, the metal mass per NP (W, g) was transformed to per-particle metal atoms 
number by using the metal molecular mass ( 𝑀, 101 g/mol) and Avogadro constant (𝑁𝐴) 
in Eq 3-6. 64  
 𝑁𝑃 =  
𝑊𝑃
𝑀
 × 10−6 × 𝑁𝐴 (3-6) 
Finally, to compare the 𝑁𝑝 results of per-particle measurement (spICP-MS) with the 
average number of Ru atoms per NP (?̅?𝑝 ) results of bulk measurements (UV-vis and 
conventional ICP-MS) for the synthesized Ru-SiO2 NP, the integration of number of metal 
atoms per NP (𝑁𝑃) during each sample period was averaged by the n measurements over 
this entire sampling period. as shown in Eq. (3-7).    






UV-vis absorbance. Solutions of Ru-SiO2 NPs with varied doping levels were 
serially diluted 1: 2 from 0.4 mg/mL to 0.025 mg/mL with DI water. Meanwhile, calibration 
standard solutions consisting of [Ru(bpy)3]
2+ were prepared by serial dilution for 
concentrations ranging from 1.0 M to 40.0 M. Absorbance of Ru-SiO2 NPs and 
Ru(bpy)3
2+ solutions were recorded at a wavelength 454 nm using a 1-cm pathlength cell. 
The particle number concentration of the Ru-SiO2 NPs solution (P, nanoparticles per L, 
NP/L) was calculated using the mass concentration of Ru-SiO2 NPs suspension (𝐶𝑖, g/mL), 
assumed Ru-SiO2 NPs density (same with pure SiO2 NPs, , 1.92 g/cm3),105 and radius of 







The molar concentration of [Ru(bpy)3]




solution was determined by substituting the absorbance of Ru-SiO2 NPs solution into the 
calibration equation of the absorbance and molar concentration of [Ru(bpy)3]
2+. The 
average number of Ru atoms per NP (?̅?𝑃) was then calculated using molar concentration 
of [Ru(bpy)3]
2+, Avogadro’s number (NA), and particle number concentration (P, 





Conventional ICP-MS. Instrument operating conditions are listed in Table 3.1. All 
other instrument parameters were optimized to meet requirements as defined by the 
manufacturer prior to method calibration and analysis. Calibration and quality-control 
procedures typically followed EPA method 200.8 (Revision 5.4). Sample analysis was 
performed in KED mode for all experiments. Samples consisting of 10.0 g/L of Ru-SiO2 
NPs with different doping levels in 2 % nitric acid and 10 g/L of Ge and Bi internal 
standards in 2 % nitric acid were combined from separate pump channels and introduced 
together to the ICP-MS nebulizer. Integrated isotope 102Ru signal was monitored relative 
to the internal standards (74Ge and 209Bi) and its signal was calibrated using dissolved Ru 
standards with 0.05 −5.0 g/L in 2 % nitric acid. This conventional ICP-MS operation 
constitutes a bulk analysis method whereby 102Ru signal was integrated and averaged over 
a large volume of solution because the long dwell time and high sweep averaging number. 
The average number of Ru atoms per NP (?̅?𝑃) (Eq. 3-10) was calculated by multiplying a 
mass concentration of Ru-SiO2 NPs (Ci, g/L) by Avogadro’s number (NA) and dividing 
by the ruthenium molecular mass (𝑀, 101 g/mol) and the particle number concentration of 








3.2.7. Measurement of particle ionization efficiency 
The particle ionization efficiency () of AuNPs and Ru-SiO2 NPs with varied 
doping levels in spICP-MS was performed according to the literature with little change.64 
The measurement of particle ionization efficiency for 150 nm AuNP was described in 
Chapter II section 2.2.6 and found to be 65 % ± 2 %. For Ru-SiO2 NPs with varied doping 
level liquid samples, a 0.5 mL of 400.0 mg/L Ru-SiO2 NPs suspension was dissolved with 
2.0 mL of 1 M sodium hydroxide at room temperature for 24 h. Solutions of both dissolved 
and undissolved Ru-SiO2 NPs were first analyzed by spICP-MS at a concentration of 5  
108 NP/L and 5 ms dwell time, and then by conventional ICP-MS. The ionization efficiency 
was determined by dividing the intensity of undigested Ru-SiO2 NPs by the intensity of 
digested Ru-SiO2 NPs and then multiplying by 100.  No significant difference was found 
between the intensity of digested and undigested Ru-SiO2 NPs in conventional ICP-MS. 
Hence, the particle ionization of all the Ru-SiO2 NPs was 100 %.  
3.2.8. Mass per nanoparticle number distribution histogram 
In the spICP-MS measurements of Ru-SiO2 NPs with varied doping levels and of 
AuNPs, the nanoparticle signals were discriminated from the background noise and 
converted to mass of metal (Ru or Au) per NP using Eq. 3-3 (see section 3.2.5 above). In 
the TEM measurements of all Ru-SiO2 NPs and of AuNPs, a theoretical metal mass per NP 
yielded in Eq. 3-4 (see section 3.2.5 above). Therefore, A mass of metal per NP number 
distribution histogram was plotted with a y-axis labeling for number of detected NP and an 





3.3. Results and Discussion 
3.3.1. Project synopsis—purpose, strategy, and results 
The preceding chapter demonstrated how spICP-MS can be optimized for accurate 
analysis of MCPs that have a simple composition of one metal-containing material. The 
purpose of this chapter is to extend this spICP-MS analysis to MCPs that have a more 
complex composition; specifically, to multicomponent materials where the metal analyte 
is only one part of the NP matrix. For this purpose, we selected silica nanoparticles 
synthesized by the water-in-oil micro-emulsion method and doped with fixed amounts of 
[Ru(bpy)3]
2+ (Ru-SiO2 NPs) as the MCP model. Scheme 3.1 summarizes the experimental 





Scheme 3.1. (A) Measured mass per NP number distribution of AuNP and Ru-SiO2 NPs 
by spICP-MS. (B) Theoretical mass per NP number distribution of AuNP and Ru-SiO2 NPs 
by TEM. (C) Average number of Ru atoms per NP of Ru-SiO2 NPs with varied doping 
levels by UV-Vis, conventional ICP-MS, and spICP-MS. a, AuNP. b, Ru-SiO2 NPs. 
 
spICP-MS results of Ru-SiO2 NPs with varied doping levels were compared to 
spICP-MS results of standard AuNPs to determine whether their number distribution 
histograms differed because of the type of MCPs analyzed. The results showed clear and 
unexpected differences (Scheme 3.1 A). The AuNPs demonstrated a Gaussian-like 
distribution of metal content typical of a single-component MCP. However, the Ru-SiO2 




(i.e., exponential increasing numbers of particles with lower metal content). Such an odd 
metal-content distribution could only result from extreme inhomogeneity in either NP size 
or composition.  
To rule out the size variation factor, the Ru-SiO2 NPs and standard AuNPs were 
evaluated by TEM, another single-particle analysis method. It was found that both types of 
MCPs had a consistent spherical shape and a limited variation in NP diameter, so when the 
TEM size data were converted to number distribution histograms by assuming a spherical 
and the same per-particle metal content, both types of NPs yielded similar Gaussian-like 
distributions (Scheme 3.1 B). This finding confirmed that NP size variation did not cause 
the unusual geometrical distributions of metal-content in the Ru-SiO2 NPs and that 
inhomogeneous metal composition was the most likely factor.  
To determine whether this unusual, inhomogeneous metal composition of MCPs 
is evident from bulk-analysis methods—the methods typically used to characterize 
MCPs—average numbers of Ru atoms per NP determined by spICP-MS (Eq. 3-6 and 3-7 
in section 3.2.5) were compared to average numbers of Ru atoms per NP determined by 
the bulk methods of UV-vis and conventional ICP-MS (Scheme 3.1 C). Because these 
comparisons showed very small differences, it is clear bulk methods of MCP 
characterization are insufficient to understand, much less identify, nanomaterials with 
inhomogeneous metal composition. Only particle-by-particle analysis by a method like 
spICP-MS is capable of this type characterization and it should become a routine part of 
MCP development. 
3.3.2. Characterization of Ru-SiO2 NPs and AuNP with TEM 




water-in-oil microemulsion method or the Stöber method.106-109 The former produces NPs 
that are smaller and with more narrow size distribution, so it was used to synthesize the 
Ru-SiO2 NP samples in this work. Another benefit of this method is the relative ease with 
which doping levels can be varied by changing the concentration of dopant in the water 
used to form the microemulsion. The concentration of [Ru(bpy)3]
2+ in the water addition 
was varied from 0.0 (control) to 13.3, 26.7, 53.4, and 106.8 mM. The nascent samples were 
also post-coated with –COOH groups to inhibit aggregation in aqueous suspension. TEM 
images of these samples (Figure 3.1 A-E) showed the clean, well-defined, and spherical 
NPs. And these nanoparticles were in very good contrast to the grid substrate, which was 
important to obtain accurate and reliable measurement of nanoparticle’s diameter. The 
average size of Ru-SiO2 NPs was 148 nm ± 9 nm, 139 nm ± 8 nm, 128 nm ± 7 nm, 127 nm 
± 8 nm, and 151 nm ± 16 nm corresponding to 0.0, 13.3, 26.7, 53.4, and 106.8 mM of 
dopant. The TEM images also indicated these NPs were spherical in shape and 
monodispersed at varied doping levels. Similarly, the morphology and diameter of AuNP 
were characterized by TEM. Figure 3.1F shows AuNPs with average size of 126 nm had 
an extremely narrow deviation with 9 nm over 200 individual particles. These 






Figure 3.1. TEM images of (A) AuNP and (A-E) Ru-SiO2 NPs with different doping levels 
and (F) AuNP. (A), 0.0 Mm. (B), 13.3 mM. (C), 26.7 mM. (D), 53.4 mM. and (E), 106.8 
mM. 
 
3.3.3. Initial characterization of Ru-SiO2 NPs and AuNPs using spICP-MS 
The capacity of spICP-MS to accurately quantify the number of Ru-SiO2 NPs in 
solution is demonstrated in Figure 3.2. As the knowledge from Chapter II, results of MCPs 
with a size close to 126 nm by the spICP-MS at 50 ms dwell time yielded accurate 
measurement, while the S/N was poor. Therefore, a short dwell time at 5 ms was used for 
the spICP-MS analysis of Ru-SiO2 NPs. Ru-SiO2 NPs samples with particle number 
concentrations increasing from 1×107 to 1×108 NP/L were analyzed and a 5 ms dwell time 
was used in all cases. The number of detected NP events over the sampling period is 
expected to be proportional to the particle number concentration of Ru-SiO2 NPs entering 
the plasma. This correlation was demonstrated by the linear increase in number of detected 
NP with the particle concentration increasing from 1×107 to 1×108 NP/L and it was 





Figure 3.2. Plots of number of detected NP and particle number concentration of Ru-SiO
2 
NPs with varied doping levels from 1×107 to 1×108 NP/L entering the plasma in spICP-
MS measurements. (A), 13.3 mM. (B), 26.7 mM. (C), 53.4 mM. (D), 106.8 mM. (
102
 Ru, 
dwell time 5 ms, sampling period 180 s) 
 
Control measurements for spICP-MS analysis of Ru-SiO2 NPs were carried out 
using blank solutions or NP solutions containing 5.0 ×107 NP/L (Figure 3.3).  Compared 
with blank samples without nanoparticles and solutions with nanoparticles in the absence 
of [Ru(bpy)3]
2+, increasing the concentration of dopant from 13.3 mM to 106.8 mM 
resulted in the increase of the averaged intensity of detected NP from 2.1 ± 0.3 to 16.0 ± 
0.4 counts, indicating more [Ru(bpy)3]
2+ successfully doped into the SiO
2 
NPs when 





Figure 3.3. Partial spICP-MS raw spectrum of 102Ru isotope events in Blank solution and 
Ru-SiO2 NPs with different doping degrees liquid samples. (A). Blank without NP. (B), 0.0 
mM. (C), 13.3 mM. (D), 26.7 mM. (E), 53.4 mM. (F), 106.8 mM. (
102
Ru, dwell time 5 ms, 
sampling period 180 s) 
 
Similarly, control measurements for spICP-MS analysis of 150 nm AuNPs were 
carried out using blank solutions or NP solutions containing 5.0 ×107 NP/L at a 5 ms dwell 
time (Figure 3.4). The 197Au signal from a AuNPs solution (average intensity of 6046.4 ± 
262.8 counts) was much higher than that from the blank solution without NPs (average 
intensity of 1.2 ± 0.4 counts), indicating a high signal-to-noise ratio under these spICP-MS 
conditions. As also demonstrated by optimizations of Chapter II, the short dwell time for 
such a large particle diameter resulted in a larger number of detected NP events was found 
in the spICP-MS measurement in comparison to the known particle concentration during 






Figure 3.4. Partial spICP-MS raw spectrum of 197Au isotope events in Blank without NPs 
solutions and AuNPs liquid samples. (A), Blank without AuNPs. Insert is enlarging the 
spICP-MS spectra of Blank without any AuNPs within 5s. (B), AuNPs. (
197
Au, dwell time 
5 ms, sampling period 180 s) 
 
3.3.4. Metal mass per NP distributions of Ru-SiO2 NPs and AuNPs  
Metal isotope intensity per NP event was converted to metal mass per-particle 
metal mass per NP using Eq. 3-2 and 3-3 (see section 3.2.5) in order to compare number 
distributions of metal content for these two types of MCPs. The measured per-particle Ru 
dopant distribution across 2,500 number individual Ru-SiO2 NPs was plotted with the 
number of detected NP and mass per NP (Figure 3.5). The most striking and unusual aspect 
of these distributions was the lack of a Gaussian-like peak that would indicate a consistent 
concentration of [Ru(bpy)3]
2+ per NP. Instead, the observed distributions consistently 
showed the highest number of detected NP with the smallest mass of Ru and exponential 
smaller numbers of NPs with higher measured Ru masses. This pattern matches a geometric 
distribution and has never been reported previously for MCPs. Increasing the amount of 
[Ru(bpy)3]
2+ dopant in the formation of Ru-SiO2 NPs increased the number of NPs with 
high Ru mass while also decreased the number of events with small Ru mass per NP. This 




Ru mass per NP when averaged over all NP detected in the data set.  
 
Figure 3.5. Distribution of measured Ru mass per NP generated by Ru-SiO
2 
NPs with 
various doping levels in spICP-MS measurements. (A), 13.3 mM. (B), 26.7 mM. (C), 53.4 
mM. (D), 106.8 mM. Bin size: 5. (
102
Ru, dwell time 5 ms, 2500 individual nanoparticles) 
 
For comparison, the measured per-particle Au mass distribution over 2500 number 
individual AuNPs was also obtained (Figure 3.6). Although there were significant numbers 
of split-particle events because of the short 5 ms dwell time used for these large 150 nm 
AuNPs, the broad Gaussian-like distribution of measured per-particle Au mass indicated a 
consistent concentration of Au per NP.  This is the expected result for single-component 
MCPs with consistent size because metal concentration per particle is simply governed by 






Figure 3.6. Distribution of measured Au mass per NP generated by AuNPs in spICP-MS 
measurements. Bin size: 5. (
197
Au, dwell time 5 ms, 2500 individual nanoparticles) 
 
The unusual geometric distribution of Ru mass per NP for the Ru-SiO2 NPs and 
lack of any Gaussian-like feature could only occur from inhomogeneity of the NP size or 
inhomogeneity of Ru content per NP. To probe whether inhomogeneity in NP size was the 
cause, distribution histograms of theoretical metal mass per NP were determined from 
actual TEM measurements of NP diameter for both AuNP and Ru-SiO2 NP samples (see 
section 3.2.5). The distribution of measured Au NP sizes (Figure 3.7A), when converted to 
theoretical Au mass per NP by assuming a gold density of [19.3 g/cm3] per NP (Figure 
3.7B), shows an obvious Gaussian-like feature that is a good match to the Gaussian 
distribution measured by spICP-MS (Figure 3.6). Likewise, the distributions of measured 
Ru-SiO2 NP sizes (Figure 3.8A-D), when converted to theoretical Ru mass per NP by 
assuming the given Ru doping concentration per NP (Figure 3.8E-H), also show a 





























Gaussian-like feature for all Ru doping levels. However, these size-based Gaussian 
distribution clearly do not match to the geometric distributions measured by spICP-MS 
(Figure 3.5A-D) and clearly demonstrate that geometric distributions of Ru mass measured 
by spICP-MS are not the result of NP size variation. 
 
Figure 3.7. Distribution of size (A, bin size:1) and theoretical per-particle Au mass (B, bin 







Figure 3.8. Distribution of size (A-D, bin size:1) and theoretical per-particle Ru mass (E-
H, bin size: 5) of Ru-SiO2 NPs with varied doping levels by TEM. (A) and (E), 13.3 mM. 






By eliminating NP size variation as a factor in the unusual geometric distribution 
of Ru mass measured by spICP-MS, the most likely cause appears to be Ru doping 
variations.  Up to now, the synthesis of metal-doped SiO2 NPs using the water-in-oil 
microemulsion method is usually assumed to produce NPs with a consistent metal-doping 
concentration per particle. This is because the water solution used to form the 
microemulsion has a homogenous concentration of metal dopant and it is assumed that this 
same homogenous concentration is carried into the dynamic nanodroplet micelles that 
comprise microemulsion prior to addition of the silica-forming reagent, TEOS. However, 
some literature has suggested that the rapid intermicellar exchange of dopant in dynamic 
nanodroplet micelles can lead to inhomogeneous distributions if the dopant undergoes 
precipitation.109, 110  Factors that favor the formation inhomogeneous distributions of 
dopant within particular micelles are kinetic in nature; specifically, fast intermicellar 
exchange of dissolved dopant paired with relatively slow precipitate nucleation compared 
to growth. Under these conditions, the few micelles that manage to nucleate a dopant 
precipitate tend to accumulate even more dopant from the many adjacent micelles that have 
no precipitate. This mechanism leads to many micelles with much less dopant than the 
initial concentration and a small number with a large amount of accumulated dopant 
precipitate. Because the dopant distribution predicted for this mechanism is a same 
geometric distribution of Ru mass measured by spICP-MS, this mechanism is probably 
active in the synthesis of Ru-SiO2 NPs. This conclusion is supported by additional 
observations that relatively high concentrations of [Ru(bpy)3]
2+ dopant solution were used 




(0.013 moles/L) in water solutions to begin with. And the dopant solubility is probably 
even lower within the nanodroplet micelles because of the water-in-oil environment.   
3.3.5. Comparison of spICP-MS analysis results of Ru-SiO2 NPs with bulk methods 
Routine characterization of multicomponent MCPs has traditionally been carried 
out by bulk-analysis methods such as UV-visible absorption or fluorescence spectroscopy 
measurements or by conventional ICP-MS measurements. These are considered ‘bulk-
analysis’ methods because the measurement signals are produced by many NPs at the same 
time. They also produce a signal that is an average for all of the individual NPs sampled in 
the measurement cycle. Although this work has demonstrated that a particle-by-particle 
analysis method like spICP-MS provides a powerful new and useful prospective to MCP 
characterization, it was also important to see whether the unusual, inhomogeneous metal 
composition of Ru-SiO2 NPs was somehow evident at all from the traditional bulk-analysis 
methods or whether averaging the particle-by-particle measurements simply produces the 
same analysis results as the bulk methods. 
To make these comparisons, the average number of Ru atoms per NP of Ru-SiO2 
NPs were determined for each [Ru(bpy)3]
2+ doping level and for each type of method; 
spICP-MS and the bulk analysis methods of UV-vis absorbance spectroscopy and 
conventional ICP-MS (see section 3.2.6). Figure 3.9 compares these averages for the 
dopant concentrations of 13.3 mM to 106.8 mM. The average number of Ru atoms per NP 
of Ru-SiO2 NPs determined by spICP-MS and bulk analysis methods kept a good 
agreement, indicating an accurate measurement of spICP-MS in the per-particle metal 
content over a sufficiently population of particles. Moreover, the red line plotted in Figure 




all three of the methods and the amounts of [Ru(bpy)3]
2+ added in the synthesis was 
observed, when the concentration of added [Ru(bpy)3]
2+ was below 26.7 mM. When the 
amounts of [Ru(bpy)3]
2+ mixed in the synthesis increased from 26.7 mM to 106.8 mM, the 
falling off average Ru content per NP of Ru-SiO2 NPs indicates the per-particle metal 
content of Ru-SiO2 NPs increased disproportionately with the increase of [Ru(bpy)3]
2+ 
addition concentration and more [Ru(bpy)3]
2+ molecules were left in the solution. 
 
Figure 3.9. Relationship between the average number of Ru atoms per NP in the Ru-SiO2 
NPs and the concentration of [Ru(bpy)3]
2+ solution added in the nanoparticle synthesis by 
spICP-MS (Blue color with triangle shape), UV-Vis (Black color with rectangle shape), 
and conventional ICP-MS (Green color with circle shape). 
  
3.4. Conclusions 
This chapter has demonstrated the use of spICP-MS to determine the per-particle 
metal composition of a model MCP that possesses a challenging multicomponent matrix. 
This MCP—silica nanoparticles doped with varying amounts of [Ru(bpy)3]
2+ (Ru-SiO2 








































NPs) and prepared by the water-in-oil micro-emulsion method—has been standard NP 
model used in many studies and up to now has been considered a very well-understood 
nanomaterial. However, the most important finding of this work is the highly unusual and 
inhomogeneous distribution of metal content identified in these Ru-SiO2 NPs—which up 
to now was assumed to be homogeneous. One reason why these MCPs have been 
considered so normal and homogeneous in metal content was a built-in bias of the bulk-
analysis methods used for their characterization—methods such as UV-visible absorbance 
or fluorescent spectroscopy or conventional ICP-MS. These bulk methods, by their nature, 
can only determine an average metal content for the many individual NPs that produce the 
measurement signal. Only a particle-by-particle analysis method such as spICP-MS can 
identify inhomogeneity in NP metal content and this work clearly demonstrates that such 
as method should be added to the routine screening of any new MCP, especially one with 
more than one component. It may seem strange that a similar rationale has been applied for 
decades to justify the use of SEM and TEM for routine characterization of nanomaterials; 
i.e., use a particle-by-particle imaging method like TEM to identify inhomogeneity in NP 
size. However, it is only recently that sufficiently fast and sensitive analytical methods, 
such as spICP-MS, have become readily available for routine nanomaterial screening and 
characterization. 
Another important finding in this work is the close correspondence observed 
between average metal content per NP determined by all three of the methods used to 
characterize various samples of Ru-SiO2 NPs. This correspondence indicates that the 
spICP-MS method provides sufficiently accurate per-particle results that, when averaged 




averages determined by the bulk-analysis methods of UV-visible absorption and 
conventional ICP-MS. These types of bulk-analysis methods should clearly still be part of 
any routine characterization of MCPs because their results are more easily measured than 
spICP-MS and their averages can still provide useful information about sample-to-sample 
reproducibility. However, their value to understanding metal content in MCPs should be 





A SANDWICH STRUCTURED (POLYMER DOTS-SILICA-GOLD 
NANOCLUSTERS) RATIOMETRIC FLUORESCENT NANOPROBE FOR 
ACCURATE AND SENSITIVE DETECTION OF COPPER IONS 
4.1. Introduction 
Gold nanoclusters (AuNCs) are ultra-small gold nanoparticles consisting of several 
to hundreds of Au atoms. Instead of the traditional light absorption of gold nanoparticles 
that is based on surface plasmon-resonance, AuNCs exhibit unique fluorescence emission 
in the visible/infrared regions due to their small size of ≤ 2 nm.111-113 Owing to their 
favorable properties of low toxicity, good biocompatibility, and wide optical signaling 
range (from blue to near infrared),114-116 AuNCs have been identified as a promising 
fluorescent probe for biosensing and bioimaging over other luminescent materials such as 
fluorescent proteins and semiconductor quantum dots.117 Many different synthetic 
strategies for fluorescent AuNCs have been developed with different approaches so these 
materials can be utilized in biosensing and bioimaging. For instance, Luo et al. reported 
luminescent AuNCs prepared by chemical reduction using bovine serum albumin and 
sodium hydroxide. These AuNCs showed fluorescence “turn-off” signals for the detection 
of copper ions (Cu2+).118 In another example, Chen and co-workers synthesized AuNCs 
using cysteine as an etching agent through a “nanoparticle to cluster” route. The obtained 
AuNCs were used for the determination of Cu2+, pyrophosphate, and alkaline phosphatase 
with quenching and recovering of fluorescence emission.119  
A notable drawback to most AuNCs prepared to date is that fluorescence  quantum 
yield is typically lower than 1 %.120-122 This limitation has restricted their further 
applications in biosensing and bioimaging. Moreover, AuNCs provide only a single 




analyte-independent interferences occur, such as instrumental parameter variation, changes 
of microenvironment around the probe, and photobleaching123, 124. One way to overcome 
these problems and improve analysis reliability is to develop ratiometric fluorescent probes 
based on AuNCs that provide a second internal correction signal. Such a ratiometric 
fluorescence probe would greatly increase the sensitivity and accuracy for the 
quantification of analytes, especially for in situ biological sample matrixes that present 
calibration challenges. 
To date, several efforts have been made to develop ratiometric fluorescent probes 
based on AuNCs, and these methods typically combine AuNCs by with a second 
luminescent nanomaterial such as carbon dots and organic dyes.125-127 However, the 
toxicity of organic dyes and limited stability of carbon dots have restrained their 
performance for biosensing and bioimaging. To overcome these drawbacks, a better second 
fluorophore is needed to make ratiometric fluorescent probes based on AuNCs. One 
promising candidate is fluorescent conjugated polymer nanoparticles (CPNs) owing to 
their extraordinary brightness, low toxicity, and good stability.128-130 For example, Feng 
and his co-workers131 as well as Xu et al.66 have provided overviews for the preparation, 
optical properties, functionalization, and biological applications of CPNs, but so far no  
literature has reported the combination of CPNs with AuNCs to make ratiometric 
fluorescent nanoproboes. 
The nanoprobe assembled with AuNCs and CPNs in this study has a sandwich 
nanostructure that has two distinct fluorescence emission peaks at 438 nm and 630 nm.  
The shorter-wavelength fluorescence emission of the CPNs was designed as the internal 




AuNCs was designed to be responsive to target analyte, Cu2+. Upon the addition of Cu2+, 
the fluorescence emission at 630 nm is quenched because Cu2+ chelates with the carboxyl 
groups on the surface of AuNCs, while the emission of CPNs at 438 nm remains nearly 
constant. Thus, highly sensitive and selective ratiometric fluorescence determination of 
Cu2+ was successfully accomplished using the sandwich nanostructure. Furthermore, the 
feasibility of the nanostructure for in vitro imaging of Cu2+ was investigated. The results 
showed that the designed sandwich nanostructure endows their capability for sensing Cu2+ 
in both living cells and microenvironment. 
4.2. Experimental Section 
4.2.1. Materials 
L-glutathione in the reduced form (GSH, >= 98.0 %), tetraethyl orthosilicate 
(TEOS, 99.999 %), ammonia hydroxide (28.0 % NH3 in water), (3-aminopropyl) 
triethoxysilane (APTES, 99.0 %), polyoxyethylene glycol tert-octylphenyl ether (Triton X-
100, BioXtra), n-hexanol (>= 99 %), cyclohexane (99.5 %), acetone (>= 99.9 %), ethanol 
(>= 99.5 %), polyethylenimine (PEI, MW 10,000, <=1 % in water, ) , and 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES, >=99.5 % ), and penicillin-
streptomycin (Bioreagent) were obtained from Sigma-Aldrich (St. Louis, MO, USA). 
Hydrogen tetrachloroaurate trihydrate (HAuCl4, 99.99 %) was purchased from Alfa Aesar 
(Tewksbury, MA, USA). Polydioctylfluorence (PFO) was provided by Polymer Source Inc. 
(Quebec, Canada). 1,2-distearoyl-sn-glycero-3-phosphoethanolamine conjugated 
polyethylene glycol with active succinimidyl ester (DSPE-PEG-NHS, MW 3500) was 
obtained from Nanocs Inc. (New York, NY, USA). The HeLa cell line was provided by 




Medium and 8-well Chambered Coverglass w/ non-removable wells were purchased from 
Thermo Fisher Scientific (Waltham, MA, USA). Fetal bovine serum was purchased from 
Peak Serum (Wellington, CO, USA). Fluoromount-G® mounting medium was purchased 
from SouthernBiotech (Birmingham, AL, USA). CytoTox 96® Non-Radioactive 
Cytotoxicity Assay kit was purchased from Promega (Madison, WI, USA). Ultrapure 
Millipore water (18.2 M•cm) was used for all experiments.  
4.2.2. Instruments  
A Hitachi 7500 Transmission Electron Microscope (Hitachi, Tokyo, Japan) was 
used at 80 kV to take images of the developed PFO@SiO2@AuNCs. Confocal fluorescence 
imaging was conducted with an Olympus FV3000 Laser Scanning Confocal Microscope 
(Olympus, Tokyo, Japan). The Zeta potentials of the PFO@SiO2, AuNCs, and 
PFO@SiO2@AuNCs were measured using a Zetasizer Nano ZS (Marlwen, Worcestershire, 
UK). A PerkinElmer Lambda 1050 UV/VIS/NIR spectrometer (PerkinElmer, Santa Clara, 
CA, USA) was used to obtain absorption spectra of PFO@SiO2, AuNCs, and 
PFO@SiO2@AuNCs nanocomposites.  
Time-resolved luminescence decay measurements were conducted using a Jobin 
Yvon Horiba Fluorolog-3 spectrofluorometer (Horiba, NJ, USA). Fluorescence signal and 
quantum yield measurements were performed on a RF-6000 fluorophotometer 
(SHIMADZU, Kyoto, Japan). The excitation wavelength was set to be 380 nm, and the 
fluorescence emission spectra were recorded from 405 nm to 720 nm. Both the width of 
excitation and emission slits were 10.0 nm. The fluorescence intensities at 438 nm and 630 
nm were measured to evaluate sensitivity to the Cu2+ analyte concentration. Rhodamine 




at 597 nm) in the relative quantum yield measurement of AuNCs. The refractive index of 
ethanol with 0.01 % HCl and HEPES solution is 1.36 and 1.33.132   
4.2.3. Synthesis of PFO CPNs 
Polydioctylfluorene conjugated polymers nanoparticles (PFO CPNs) were 
synthesized by a nanoprecipitation process. Briefly, 5.0 mg of PFO polymer was dispersed 
in 5.00 mL of THF to make a 1.0 mg/mL PFO stock solution. Meanwhile, a copolymer 
polyethylenimine was conjugated to 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
[amino(polyethylene glycol)] (DSPE-PEG-PEI, 1.0 mg/mL) by addition of 
polyethylenimine (800 L of 10 mg/mL) and 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[amino(polyethylene glycol)] (200 L of 5.0 mg/mL) under 
constantly shaking for 12 h at room temperature. Then, 20 L of 1.0 mg/mL of PFO stock 
solution and 200 L of 1.0 mg/mL DSPE-PEG-PEI solution were mixed in 780 L of THF 
solution. Afterwards, the mixture was quickly injected into 5.00 mL of ultrapure Millipore 
contained in an ice-bath and subjected to vigorous sonication for 2 min. Then, the THF was 
removed by heating the mixture at 80 ℃ under a flow of nitrogen gas for 15 min. The 
resultant aqueous solution PFO CPNs with a concentration of 3.5 g/mL was used directly 
for subsequent preparations and characterization.  
4.2.4. Synthesis of PFO@SiO2 
The composite nanoprobe platform, PFO@SiO2, was prepared by the water-in-oil 
reverse-microemulsion method, but with a slight change from the literature procedure.104 
A 7.50 mL aliquot of cyclohexene, 1.80 mL of n-hexane, and 1.77 mL of Triton X-100 
were mixed and stirred for 20 min to form the initial microemulsion. Addition of 480 L 




the nanodroplets of the microemulsion. Subsequent additions of 100 L TEOS and 100 L 
NH4OH with stirring over a 20 min periodinitiated formation the silica nanoparticle matrix. 
After a 24 h reaction period under stirring, the PFO@SiO2 nanoparticles were post-coated 
with -NH2 groups on their surface by adding 4.0 L of APTES to the stirred solution. After 
an additional 3 h reaction period, the amine functionalized PFO@SiO2 nanoparticles were 
recovered by adding acetone to break the microemulsion and centrifuging at 10,000 rpm 
for 20 min. The as-prepared material was re-dispersed, washed three times with ethanol 
and three times with deionized water, and finally resuspended in water to a concentration 
of 7.5 mg/mL. 
4.2.5. Synthesis of gold nanoclusters (AuNCs) 
The synthesis of AuNCs was based on a reported method.133 In a typical synthesis, 
HAuCl4 (20 mM, 0.50 mL) and GSH (20 mM, 0.75 mL) were mixed with 3.75 mL of 
ultrapure water under vigorous stirring at 70 °C for 24 h. The AuNCs was formed and 
stored at 4 °C for the following experiments. The concentration of AuNCs stock solution 
was 1.5 mg/mL. 
4.2.6. Sandwich nanostructure of PFO@SiO2@AuNCs 
The preparation of PFO@SiO2@AuNCs sandwich nanocomposites was based on 
the electrostatic interaction of -NH2 on the PFO@SiO2 surface and -COOH on the Au NCs 
surface.134 In general, 200 L of 7.5 mg/mL of PFO@SiO2 stock solution and 800 L of 
1.5 mg/mL of AuNCs solution were mixed overnight with vigorous stirring for. The 
PFO@SiO2@AuNCs nanocomposites were formed and then collected by centrifugation at 
10,000 rpm for 20 min. The PFO@SiO2@AuNCs nanocomposites were washed with 




of 3.0 mg/mL. 
4.2.7. Determination of Cu2+ in solution using PFO@SiO2@AuNCs  
To determine Cu2+ in solution, a 8.3 L aliquot of 3.0 mg/mL PFO@SiO2@AuNCs 
was added into 500 L HEPES solution (10 mM, pH 7.0) containing different 
concentrations of Cu2+ ranging from 0.0 nM to 3000 nM. The mixture was incubated at 
room temperatures for 5 min. The fluorescence spectra were recorded from 405 nm to 720 
nm with an excitation wavelength at 380 nm. The fluorescence intensity at 630 nm was 
recorded for detection of Cu2+. Both the slits of excitation and emission were 10.0 nm. 
4.2.8. In vitro monitoring of Cu2+ using PFO@SiO2@AuNCs  
HeLa cells were cultured in Dulbecco’s Modified Eagle Medium with 10 % 
fetal bovine serum and 1 % penicillin-streptomycin, which were incubated in a cell 
incubator at 37 ℃ under 5 % CO2. Cell viability in the presence of PFO@SiO2@AuNCs 
was evaluated by using the CytoTox96 Non-Radioactive Cytotoxicity Assay. 
Briefly, aliquots of 50 L of supernatant cells were placed in a 96-well plate and incubated 
overnight. Aliquots of 50 L PFO@SiO2@AuNCs solutions of varied concentration were 
added to make final concentrations of PFO@SiO2@AuNCs (0-500 g/mL) in the wells. 
After 24 h of incubation, aliquots of 50 L of supernatant were transferred from wells to a 
new 96-well plate, followed by addition of 50 L of CytoTox96 reagent.  After further 
incubation for 30 min, 50 L of Stop Solution was added in the mixture. The UV-Vis 
absorbance of the solution at 490 nm was measured using a multimode plate reader. The 
cell culture medium background was subtracted from absorbance values of all experimental 
wells. The cell viability was calculated through a serial data process in Microsoft Excel.  




in an 8-well cell culture slide. After incubation overnight at 37 ℃, a 200 L aliquot of 1000 
M of Cu2+ solution was added to the wells and incubated for 4 h. Afterwards the cells 
were washed with 1 ×PBS to remove excess Cu2+ remaining in solution. Then 200 L of 
50 g/mL of PFO@SiO2@AuNCs sandwich nanoprobes were added into wells. After 3 h 
of incubation, the cells were washed with 1 ×PBS. The fluorescence confocal imaging 
was processed using an Olympus FV3000 Laser Scanning Confocal Microscope with an 
excitation wavelength of 405 nm and emission wavelength ranges of 400-500 nm and 600 
-700 nm. The ImageJ program was used to collect the pixel intensity per cell from images. 
4.3. Results and Discussion 
4.3.1. Design of AuNCs-based sandwich structured ratiometric fluorescent probe 
The low fluorescence quantum yield of AuNCs results in a low fluorescence signal 
that limits sensitivity and reliability when they are used as a fluorescent probe for sensing 
and imaging analytes. To overcome these challenges in our design, instead of detecting 
AuNCs by an absolute fluorescence signal, we employed a ratiometric assay by measuring 
the decrease of AuNCs fluorescence signal in comparison to a constant signal from an 
internal reference fluorophore. In this way, small changes in the AuNC signal could be 
reliably calibrated to achieve sensitive determination of trace amounts of target analytes. 
Key to this design is the internal reference fluorophore which ensures measurement 
accuracy by proving a consistent refence signal. Therefore, the selection of a suitable 
reference fluorescence probe is critical for achieving the goal. Excellent photostability and 
strong fluorescence are the two most important characteristics required for the reference 
fluorophore. In this regard, conjugated polymer nanoparticles (CPNs) are a strong choice 




biocompatibility. The third consideration in selection of the specific conjugated polymer 
should be that its excitation wavelength matches that of AuNCs to obtain high and easily 
resolved emission signals for each fluorophore. We found out that the polydioctylfluorene 
(PFO) polymers provide a suitable excitation wavelength. Thus, as shown in Scheme 4.1A, 
PFO was selected as our starting material for making CPNs (Scheme 4.1A, a).   
Another important factor in this nanoprobe design is having a consistent shape and 
size of the internal reference fluorophore. To better form a spherical-shaped conjugated 
polydioctylfluorene nanoparticles (PFO CPNs), an amphiphilic block copolymer was 
needed to change the solvent polarity. Thus, DSPE-PEG-PEI was selected as a co-polymer 
to assist in the formation of CPNs (Scheme 4.1A, b).  As described in section 2.3, DSPE-
PEG-PEI and PFO together formed a PFO CPN (Scheme 4.1A, c), which could be used as 
the reference fluorophore for AuNCs.  
Yet another important factor in this nanoprobe design is to limit photobleaching 
resulting from the energy transfer between PFO and AuNCs. This photobleaching can be 
avoided by incorporating a spacer between PFO and AuNCs.  Because silica 
nanoparticles (SiO2) have numerous advances as a spacer material, such as controllable 
size and easy functionalization, silica was selected as the spacer material and the PFO 
CPNs were encapsulated inside silica nanoparticles (PFO@SiO2) (Scheme 4.1A, d).  
Further, the SiO2 shell was modified with amine groups for assembling AuNCs. Because -
COOH groups on AuNCs surface electrostatically bind with -NH2 groups on silica surface, 
a sandwich structure of PFO@SiO2@AuNCs is formed as the ratiometric fluorescent 
nanoprobe (Scheme 4.1A, e). This nanoprobe emits at two distinct wavelengths (438 nm 




nanoprobe can be used for the detection of Cu2+ as shown in Scheme 4.1B. With the 
addition of Cu2+, the fluorescence signal of PFO@SiO2@AuNCs at 630 nm is quickly 
quenched by coordination between Cu2+ and the carboxyl group on the AuNCs, but the 
emission intensity at 438 nm remains essentially constant. The ratio of the fluorescence 
intensities of 438 to 630 nm without Cu2+ is considered the blank reading, (𝐼438 𝐼630⁄ )0 =
𝐹0 , while ratio of the fluorescence intensities of 438 to 630 nm with Cu
2+ present, 
𝐼438 𝐼630 = 𝐹⁄  , reflects the quenched reading. By calibrating a ratio of these two readings, 
((𝐹 − 𝐹0) 𝐹0⁄ ) , to the concentration of Cu
2+, the proposed ratiometric fluorescent 
nanoprobe exhibits excellent sensitivity for the rapid detection of Cu2+. Furthermore, the 
feasibility of PFO@SiO2@AuNCs for in vitro imaging of Cu
2+ can be investigated. 
 
Scheme 4.1. Schematic illustration of (A) the synthesis of PFO@SiO2@AuNCs and (B) 
its application for the detection of Cu2+. 
 




The AuNCs typically have surface -COOH groups due to the specific adsorption of 
GSH molecules. It was expected that the AuNCs would show negative charge under 
conditions of neutral solution pH. Meanwhile, the PFO@SiO2 was post-coated with -NH2 
groups, resulting in a positive surface charge of PFO@SiO2 under conditions of neutral 
solution pH. Therefore, we constructed the sandwich structure of the PFO@SiO2@AuNCs 
by combining these two nanomaterials through the electrostatic interaction. After 
purification of PFO@SiO2@AuNCs, the Zeta potential was measured to determine the 
surface charge of PFO@SiO2@AuNCs prepared at various mass ratio of PFO@SiO2 to 
AuNCs (Figure 4.1). With increasing amount of AuNCs, the Zeta potential value of 
PFO@SiO2@AuNCs decreased. When the mass ratio of PFO@SiO2 to AuNCs was 
1:0.032, the Zeta potential was close to zero, indicating the occurrence of charge-charge 
interactions between the two oppositely charged nanomaterials and a consequence of the 
sandwich structured PFO@SiO2@AuNCs formation. As the ratio of PFO@SiO2 to AuNCs 
increased above 1:0.032, the Zeta potential shifted to more negative. These results 
indicated more AuNCs were interacted with the PFO@SiO2 to make the 
PFO@SiO2@AuNCs.   
Determination of analyte was designed to rely on the fluorescence intensity change 
of AuNCs, which is a “turn-off” process. To achieve a higher detection sensitivity, the 
mass ratio of PFO@SiO2 to AuNCs was further optimized to obtain the highest 
fluorescence intensity ratio of 𝐼630 𝐼438⁄ . The fluorescence measurements of the 
PFO@SiO2@AuNCs were carried out and their fluorescence intensity ratio was measured 
(Figure 4.2). With the ratio of PFO@SiO2 to AuNCs increased, the fluorescence intensity 




PFO@SiO2 to AuNCs. Therefore, the ratio of PFO@SiO2 to AuNCs was selected at 1: 0.9 
during the synthesis of the PFO@SiO2@AuNCs nanoprobe. 
 
Figure 4.1. Zeta potential measurements of PFO@SiO2 @AuNCs prepared at different 
mass ratio of PFO@SiO2 to AuNCs in 10.0 mM, pH 7.0 HEPES solution. Control: without 
AuNCs. 
 
Figure 4.2. (A) Fluorescence spectra and (B) fluorescence intensity ratio ( 𝐼630 𝐼438⁄ ) of 
PFO@SiO2 @AuNCs prepared with different mass ratio of PFO@SiO2 to AuNCs. λex = 
380 nm, λem-1 = 438 nm, λem-2 = 630 nm. 
 







































4.3.3.1. Morphology of the nanoprobe 
The morphology and size of AuNCs, PFO@SiO2, and PFO@SiO2@AuNCs were 
characterized using HRTEM and TEM (Figure 4.3). The AuNCs with a diameter of 2.0 ± 
0.4 nm, spherical PFO@SiO2 with a diameter of 58 ± 4 nm (Figure 4.3A) and 
PFO@SiO2@AuNCs with a diameter of 61 ± 5 nm were observed when 200 individual 
nanoparticles were measured. The TEM images of PFO@SiO2 and PFO@SiO2@AuNCs 
were compared. Small dots of AuNCs were found on the surface of PFO@SiO2@AuNCs 
(Figure 4.3C). 
 
Figure 4.3. HRTEM image of (A) AuNCs and TEM images of (B) PFO@SiO2 and (C) 
PFO@SiO2@AuNCs. Insert is the TEM image of PFO@SiO2@AuNCs with a scale bar of 
100 nm. 
 
4.3.3.2. Fluorescence property of PFO CPNs, PFO@SiO2, and AuNCs 
To investigate the optical property of the PFO CPNs and PFO@SiO2, the 
fluorescence emission and excitation spectra of PFO CPNs and PFO@SiO2 were obtained 
(Figure 4.4). The excitation spectrum of PFO CPNs exhibited a strong absorption at 380 
nm wavelength. With the excitation wavelength at 380 nm, the transparent PFO CPNs 
showed a blue fluorescence emission peak at 438 nm. These features were consistent with 
characteristics reported in the literature135 and demonstrated that the PFO CPNs were 




To ensure the stability of PFO CPNs as a reference fluorophore, the PFO CPNs 
were encapsulated by the silica nanoparticles with water in oil reverse microemulsion 
method. The core shell structure of PFO@SiO2 also showed a blue emission peak at 438 
nm wavelength due to the existence of PFO CPNs in the silica nanoparticles. 
 
Figure 4.4. Fluorescence excitation (dashed line) and emission (solid line) spectra of (A) 
0.5 g/mL PFO CPNs (red color) and (B) 30 g/mL PFO@SiO2 (blue color) in 10 .0 mM, 
pH 7.0 HEPES solution. (λex = 380 nm, λem = 438 nm). Insert is photographs of PFO CPNs 
(left side) and PFO@SiO2 (right side) excited under 365 nm UV light (UV, top) and visible 
light (Vis, down). 
 
We also investigated the fluorescence property of pure AuNCs (Figure 4.5). These 
AuNCs exhibited a typical broad absorption at around 380 nm wavelength and a broad 
emission peak at 630 nm, in the red end of the vosible spectrim. The results were also 




To evaluate the colloidal stability of synthesized AuNCs, the fluorescence intensity 
of AuNCs at 630 nm under different solution pH values and saline (NaCl) concentrations 
were examined (Figure 4.6). The fluorescence intensity of AuNCs gradually increased 
when the pH increased to 6 and did not change much above pH 6 (Figure 4.6A). In addition, 
the fluoresence intensity of AuNCs exposed to various concentraions of NaCl (Figure 4.6B) 
showed very little change, demonstrating that salt concentration had little impact on the 
fluorescence intensity of AuNCs below an ionic strengths of 0.50 M. These results showed 
that the prepared AuNCs had good pH and saline stability; well within the normal 
biological range. They also demonstrated why AuNCs are promising fluorescent 
nanomaterials for bioanalysis and bioimaging.  
 
Figure 4.5. Fluorescence emission (solid line) and excitation (dashed line) spectra of 0.5 
mg/mL of pure AuNCs in 10 .0 mM, pH 7.0 HEPES solution. λex = 380 nm, λem = 630 nm. 
Insert is photographs of pure AuNCs solution excited under 365 nm UV light (UV) and 





Figure 4.6. (A) Effects of pH on the fluorescence intensity of AuNCs. (B) Effects of ionic 
strength on the fluorescence intensity of AuNCs. AuNCs: 0.2 mg/mL, λex = 380 nm, λem = 
630 nm. 
 
4.3.3.3. Effectiveness of the silica spacer in the nanoprobe 
In the nanoprobe design, a silica spacer was placed between the PFO@SiO2 and 
AuNCs to avoid Förster resonance energy transfer. To exam the effectiveness of the silica 
spacer, the time-resolved luminescence decays of PFO@SiO2 and PFO@SiO2@AuNCs 
with emission peak at 438 nm were measured (Figure 4.7). The lifetime for PFO@SiO2 
without AuNCs and PFO@SiO2@AuNCs made with two different amounts of AuNCs 
were determined by fitting the curves with one exponential decay function, resulting in 
average lifetimes 0.15  0.01, 0.15  0.01, and 0.15  0.08 ns. No significant difference 
was observed between the lifetime of PFO@SiO2 without AuNCs and 
PFO@SiO2@AuNCs made with AuNCs. Therefore, there was no Förster resonance energy 





Figure 4.7. Time-resolved luminescence decays of PFO@SiO2 and PFO @ SiO2 @ AuNCs 
assembled with two different ratios of PFO @ SiO2 to AuNCs (a,1:0.064; b,1:0.128). λex = 
380 nm, λem = 438 nm. 
 
4.3.4. Cu2+ detection using PFO@SiO2@AuNCs 
Copper ion (Cu2+) plays pivotal role in many biochemical and physiological 
processes. It is involved in the functions of organs and metabolic.138, 139 However, both the 
overload and deficiency of Cu2+ can happen in biological systems. These syndromes can 
cause damage of biological organs and neurologic disorders, such as cancer,140 Menkes 
disease,141 and Wilson’s disease.142 To establish safety guidelines for the public, the United 
States Environmental Protection Agency (EPA) has set a maximum contaminate level for 
Cu2+ in drinking water at 20 M (1.3 mg L-1).143 To date, various analytical techniques 
have been developed to determine concentration of Cu2+.143-147 Among these reported 
methods, fluorescence spectroscopy has been considered a good one to detect Cu2+ due to 
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its low cost, simple operation, and limited sample treatment. Furthermore, to eliminate the 
environmental interference and improve the accuracy of measurement with luminescent 
method, ratiometric fluorescent sensors to detect Cu2+ have been designed. However, there 
are notable problems associated with this ratiometric probes such as high toxicity and poor 
stability. Therefore, it is worthwhile to develop a new ratiometric fluorescent strategy for 
the fast sensing and imaging Cu2+ in biological systems.  
To achieve better detection of Cu2+ using the ratiometric PFO@SiO2@AuNCs 
nanoprobe, the effect of pH, probe concentration, and the incubation time on the change of 
fluorescence intensity ratio ((𝐹 − 𝐹0) 𝐹0⁄ )  were each investigated (Figure 4.8). The 
fluorescence intensity ratio in the absence and presence of Cu2+ were expressed as 
(𝐼438 𝐼630⁄ )0 = 𝐹0  and (𝐼438 𝐼630⁄ ) =  𝐹 , respectively. Optimum conditions for Cu
2+ 
detection were established from the maximum value of the fluorescence intensity ratio. 
Figure 4.8A indicated the nanoprobe in the presence of 1000 nM Cu2+ had a slightly lower 
fluorescence intensity ratio value in the acidic condition (pH 5.0), while the fluorescence 
intensity ratio was essentially constant above a pH of 5.5. Therefore, to better detect the 
Cu2+ in a biological system, the detection of Cu2+ using PFO@SiO2@AuNCs were 
programmed at neutral condition (pH 7.0).  
Similarly, the fluorescence intensity ratio of PFO@SiO2@AuNCs at different 
concentrations in the addition of 1000 nM Cu2+ was measured (Figure 4.8B). With increase 
the probe concentration from 5 g/mL to 25 g/mL, the fluorescence intensity ratio 
increased and then decreased when the probe concentration increased from 25 g/mL to 




PFO@SiO2@AuNCs, indicating the optimized probe concentration at 25 g/mL was used 
for quantifying Cu2+ in the following experiments.  
The reaction time between Cu2+ and nanoprobes was also investigated (Figure 
4.8C). In addition of Cu2+, the fluorescence intensity ratio rapidly increased within 1 min 
and then reached a plateau after 5 min. Because the GSH molecules on the surface of 
AuNPs contain -COOH groups and is a high affinity chelating agent towards Cu2+,148 
resulting in a quick response. A 5 min period was selected as the optimized incubation time 
in the following experiments. 
 
Figure 4.8. (A) Optimization of pH value in Cu2+ detection in 10 mM HEPES solution. (B) 
Optimization of concentration of PFO@SiO2@AuNCs in Cu
2+ detection. (C) Optimization 
of Cu2+ incubation time in PFO@SiO2@AuNCs. Cu
2+: 1000.0 nM. λex = 380 nm, λem-1 = 
438 nm, λem-2 = 630 nm. 
 
The sensitivity of ratiometric nanoprobe for Cu2+ detection was investigated under 
the optimized conditions. Various concentrations of Cu2+ were incubated with 25 g/mL 
of PFO@SiO2@AuNCs in pH 7.0, 10 mM HEPES solution for 5 min, followed by the 
detection of their fluorescence intensity (Figure 4.9A). With increased concentrations of 
Cu2+ from 0.0 nM to 3,000 nM, the emission peak located at 438 nm remained unchanged, 
while the fluorescence signal at 630 nm was quickly quenched due to the coordination 
between Cu2+ and carboxyl coated AuNCs.148, 149 The fluorescence intensity ratio were 




relationship between 0.0 nM to 200 nM (Figure 4.9B insert) and a correction coefficient of 
0.993. The limit of detection was calculated to be 10.5 nM by the 3 rule, where  is the 
standard deviation of three blank signals. These results indicated the designed dual-
emission nanoprobe is better and comparable with most of those works for sensing Cu2+.134, 
148, 150  
 
Figure 4.9. (A) Fluorescence spectra and (B) plot of related fluorescence intensity ratio of 
25 g/mL PFO@SiO2@AuNCs with addition of different concentrations of Cu
2+ ranging 
from 0.0 nM to 3000 nM. λex = 380 nm, λem-1 = 438 nm, λem-2 = 630 nm. 
 
4.3.5. Selectivity for Cu2+ detection 
The selectivity of PFO@SiO2@AuNCs for the screening Cu
2+ was evaluated. 
Several common metal ions existing in biosystem were investigated under the same 
conditions with the ratiometric nanoprobe. As shown in Figure 4.10, a series of metal ions 
including Cu2+ at concentration of 1000 nM were incubated with PFO@SiO2@AuNCs. 
The result showed the designed ratiometric probe possessed high selectivity toward Cu2+ 
while other metal ions had no change or slightly impact on the related fluorescence 
intensity ratio, which was expected by using the statement of the Irving-Williams serials 
that the primary chelation and presence of higher stability complex between -COOH 




other literature.149, 151 Hence, the developed dual-emission nanoprobe had high sensitivity 
and excellent selectivity to monitor Cu2+. 
 
Figure 4.10. Selectivity investigation of the ratiometric probe for Cu2+ over other metal 
ions. C: control, without any mental ion. concentration of all metal ions are1000 nM. λex = 
380 nm, λem-1 = 438 nm, λem-2 = 630 nm. 
 
4.3.6. in vitro imaging Cu2+using PFO@SiO2@AuNCs 
To see if the PFO@SiO2@AuNCs nanoprobe could be used for in vitro imaging, 
we conducted a demonstration experiment of monitoring added Cu2+ in living cells. Before 
applying PFO@SiO2@AuNCs to image Cu levels living cells, the cytotoxicity of the 
PFO@SiO2@AuNCs to HeLa cells was investigated (Figure 4. 11). With increase the 
concentration of PFO@SiO2@AuNCs, no obvious change in the viability of HeLa cells 
was observed in the range of 0 g/mL to 500 g/mL after incubation of 24 h. The results 































ensuring its applications in bioimaging and biosensing. Then, PFO@SiO2@AuNCs were 
incubated with HeLa cells for 3 h and imaged by confocal fluorescence microscopy. As 
shown in Figure 4.12, the cells showed strong fluorescence signals of PFO@SiO2@AuNCs.  
In comparison, the fluorescence intensity was significantly reduced in the cells in the 
presence of 1000 M Cu2+, indicating quenching of PFO@SiO2@AuNCs by Cu
2+. The 
results demonstrated feasibility of screening of Cu2+ in vitro. 
 
 
Figure 4.11. The viability of Hela cells incubated with varied concentrations of 
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Figure 4.12. Fluorescence images of HeLa cells incubated with 50 g/mL of 
PFO@SiO2@AuNCs in the absence and presence of 1000 M Cu
2+ at 37 ℃ for 3 h. λex = 
405 nm, λem-1 = 400-500 nm, λem-2 = 600-700 nm. Scale bar: 50 m. 
 
4.4. Conclusions 
In conclusion, by preparing a sandwich structure of ratiometric fluorescent probe 
PFO@SiO2@AuNCs, we have developed a new strategy to determine Cu
2+ based on the 
fluorescence quenching caused by the chelation between Cu2+ and -COOH groups on the 
AuNCs. The optimized assay provided a linear range from 0 nM to 500 nM and a detection 
limit of 10.5 nM. Moreover, the assembled PFO@SiO2@AuNCs showed low cytotoxicity 
and excellent biocompatibility, providing feasibility for application of the sandwich 
structure in bioimaging of Cu2+ in living cells. Overall, this work offers important insights 
into the development of fluorescent AuNCs using CPNs, which may facilitate potential 





A FLUORESCENCE RESONANCE ENERGY TRANSFER BASED RATIOMETRIC 
NANOHYBRID USING GOLD NANOCLUSTERS AND CONJUGATED 
POLYMERS NANOPARTICLES FOR CYSTEINE DETECTION 
5.1. Introduction 
Gold nanoclusters (AuNCs) have attracted attention because of their excellent 
physicochemical properties, low toxicity, good biocompatibility, and stable 
luminescence.152, 153 However, the negative surface charge of the initially synthesized 
nanoclusters and the short oligomeric motifs in the nanomaterial cause low fluorescence 
quantum yield which limits their application in biological systems.154, 155 Three  strategies 
have been developed to overcome these issues; capping the metal core surface with 
different types of ligands,156 doping the core with other metal atoms,157 and/or constructing 
hybrid nanoclusters that contain another fluorophore.158, 159 Among these strategies, much 
work has been focused on construction of hybrid AuNCs that enhance quantum yield 
through the Frörster resonance energy transfer (FRET) between an energy donor and 
acceptor pair.126, 160  
A number of fluorescence materials have been chosen as the FRET donor in hybrid 
AuNCs, including carbon dots126, 134, 161, 162 and semiconductor quantum dots163, 164. 
However, application of these materials in biosensing has been constrained because of poor 
intrinsic properties, such as instability (carbon dots)165 and cytotoxicity from release of 
heavy metal ions (semiconductor quantum dots).166, 167 
An alternative FRET donor candidate without these drawbacks is the class of 
conjugated polymer nanoparticles (CPNs). These polymer nanoparticles are emerging as 




good stability, and excellent biocompatibility.168, 169 For example, the Xu group has 
developed a highly stable CPN with resistance to organic solvents and used it as a multi-
responsive (combined chemo/photothermal)  cancer therapy agent with high therapeutic 
efficiency.170 In another example, the Xiu group designed CPNs with a three donor-
acceptor structure and used them as a photoacoustic contrast agent for brain vascular 
imaging.171 The fast intra- and interchain energy transfer characteristic of CPNs also gives 
them great potential as a FRET donor for transferring energy to AuNCs;172 however, no 
work has so far documented  the enhanced quantum yield of hybrid AuNCs through 
FRET with CPNs. 
Cysteine is an amino acid containing a thiol group and it plays significant roles in 
numerous biochemical and physiological processes.173 Abnormal levels of cysteine can 
cause Parkinson’s disease, skin damage, and hair discoloration, and can lead to stress and 
psychological disorders in humans.174-176 Numerous methods have been developed to 
detect cysteine including spectrophotometry,177 capillary electrophoresis,178 and 
electrochemical methods.179 Among these methods, fluorescence spectrophotometry offers 
significant advantages, including intrinsically high sensitivity, low instrument costs, fast 
response, and simple operation. Although the combination of these advantages with the 
noteworthy properties of AuNCs, such as low toxicity, low cost, broad spectral emission, 
good biocompatibility, and ease of conjugation might suggest that AuNCs are ideal probes 
for the determination of cysteine, many limitations have been reported. This main 
limitations for single-signal AuNC probes include poor accuracy and reliability due to the 




poor stability and high cytotoxicity resulting from a second fluorophore contained in the 
hybrid AuNCs.  
To avoid problems associated with both the single- and multiple-signal AuNCs 
used to date for cystine determination, we have developed a class of FRET hybrid AuNCs 
containing chemically bound CPNs that also enhance quantum yield. In the nanohybrid, 
the CPNs were chosen as the FRET donor to transfer their energy to the as-prepared 
AuNCs. The AuNCs accept the energy and then emit a stronger fluorescence signal. When 
cysteine interacts with this FRET ratiometric fluorescence probe, the fluorescence 
emission at 630 nm from AuNCs is quenched due to changes to the gold core caused by 
formation of Au(I)-thiolate bonds.  Simultaneously, the fluorescence emission at 385 nm 
from the CNPs remains essentially constant to serve as an internal refence signal. The 
FRET hybrid exhibits excellent sensitivity and selectivity to detect the cysteine and an 
assay was developed for the screening of biomolecules, like cystine. The method was 
evaluated as cysteine spike recovery from the fetal bovine serum with satisfactory results. 
5.2. Experimental Section 
5.2.1. Materials 
The1,2-distearoyl-sn-glycero-3-phosphoethanolamine conjugated polyethylene 
glycol with active succinimidyl ester (DSPE-PEG-NHS, MW 3500) was obtained from 
Nanocs Inc. (New York, NY, USA). The 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide 
hydrochloride (EDC) was purchased from Thermo Fisher Scientific (Waltham, MA, USA). 
The L-glutathione in the reduced form (GSH, >=98.0 %), polyethylenimine (PEI, 
branched, <=  1 % water), poly(9-vinylcarbazole) (PVK), N-hydroxysuccinimide (NSH), 




), cysteine (97 %), alanine (>= 99.5 %), arginine (>= 98 %), glycine (99.0 %), glutamine 
(>= 99 %), histidine (>= 99 %), methionine (>= 98 %), phenylalanine (>= 98 %), proline 
(>= 99 %), tryptophan (>= 98 %), tyrosine (>= 98 %), and valine (>= 98 %) were obtained 
from Sigma-Aldrich (St. Louis, MO, USA). Hydrogen tetrachloroaurate trihydrate 
(HAuCl4, 99.99 %) was provided by Alfa Aesar (Tewksbury, MA, USA). Stock standard 
solution of 100 mg/L ionic gold in nitric acid was purchased from Inorganic Ventures 
(Christiansburg, VA, USA) and used to make working standards between 0.02–5.0 µg/L 
(serial dilution with 2 % nitric acid) for ICP-MS calibration. Grade 4.8 liquid argon and 
Grade 5 helium in ICP-MS were used for instrument operation and an inert collision gas 
under kinetic energy discrimination mode to measure the gold concentration. Deionized 
water (18.2 M•cm) produced from Millipore Synergy purification system (Burlington, 
MA, USA) was used for all sample preparation and analysis in this work.  
5.2.2. Instruments  
A JEOL JEM-2100 high-resolution transmission electron microscope (HRTEM) 
(JEOL Ltd., Tokyo, Japan) was used at 200 kV to take transmission electron microscope 
(TEM) images of PVK PNs and AuNCs.  A Zetasizer Nano (Malvern Panalytical, UK) 
was used to measure the Zeta potential and hydrodynamic diameter of PVK PNs and 
AuNCs suspended in 10 mM, pH 7.0 HEPES solutions. A PerkinElmer Lambda 1050 
UV/VIS/NIR spectrometer (Santa Clara, CA, USA) was used to obtain the absorption 
spectra of PVK PNs, AuNCs, PVK@AuNCs, and the mixture of PVK@AuNCs and 
various amount of cysteine for investigations of the fluorescence quenching mechanism. A 
Thermo Scientific iCAP Qc inductively coupled plasma mass spectrometer (Waltham, 




the gold content in pure AuNCs and AuNCs-based hybrid suspensions. The THERMO-
4AREV standard was run daily to perform instrument tuning for a maximum 59Co, 238U 
and minimum 140Ce16O/140Ce oxide signal. The target isotope 197Au as well as the internal 
standards isotopes (74Ge and 209Bi) signals were monitored in the ICP-MS measurements. 
A Jobin Yvon Horiba Fluorolog spectrofluorometer (Horiba, NJ, USA) was applied 
for the time resolved luminescence decay measurements of PVK PNs, AuNCs, and 
PVK@AuNCs in 10 mM, pH 7.0 HEPES solution. Fluorescence measurements were 
carried out using a RF-6000 fluorophotometer (SHIMADZU, Kyoto, Japan). When the 
excitation wavelength was set to 342 nm, the fluorescence intensities at 385 nm and 630 
nm were collected to evaluate performance for determination of cysteine. Widths of both 
the excitation and emission slits were 10.0 nm. The measurements of relative quantum 
yield for pure AuNCs and hybrid AuNCs were also performed on the RF-6000 
fluorophotometer (SHIMADZU, Kyoto, Japan). To limit reabsorption effects, samples 
where diluted to ensure that light absorbances at the excitation wavelength were below 0.1 
AU. All the measurements in this work were carried out at room temperature. 
5.2.3. Synthesis of PVK polymer nanoparticles (PVK PNs) 
The conjugated poly(9-vinylcarbazole) polymers nanoparticles (PVK PNs) were 
synthesized by the nanoprecipitation method with only slight changes from the literature.135 
A 10.0 mg portion of PVK polymer was dispersed in 10.0 mL THF to make a 1.0 mg/mL 
of PVK stock solution. Meanwhile, the block copolymer 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-polyethylene glycol-polyetherimide (DSPE-PEG-PEI) was formed 
by mixing 200 L of 5.0 mg/mL 1,2-distearoyl-sn-glycero-3-phosphoethanolamine 




L of 10.0 mg/mL polyethylenimine (PEI) in THF with constant shaking for 12 h at room 
temperature. Then, 100 L of 1.0 mg/mL PVK stock solution and 50 L of 1.0 mg/mL 
DSPE-PEG-PEI solution were added into 850 L THF. Afterwards, the mixture was 
quickly injected into 5.00 mL of deionized water under vigorous sonication in an ice-bath 
ultrasonicate for 2 min. The THF was removed by heating the solution at 80 ℃ with 
nitrogen gas for 15 min. The prepared PVK PNs with a final concentration of 15.0 g/mL 
was ready for further characterization and application. 
5.2.4. Synthesis of gold nanoclusters (AuNCs) 
The preparation of AuNCs was produced according to the reported literature.133 
The HAuCl4 (0.50 mL, 20 mM) was added to 3.75 mL of deionized water at 25 °C. 
Following by addition of L-glutathione (GSH, 0.75 mL, 20 mM) with constantly stirring 
for 30 min. The mixture was heated at 70 °C under gentle stirring for 24 h. An aqueous 
solution of orange color AuNCs was produced. The AuNCs with concentration of 1.5 
mg/mL could be stored at 4 °C for their further application. 
5.2.5. Construction of PVK@AuNCs nanohybrid 
Preparation of the nanohybrid using PVK PNs and AuNCs was only slightly 
changed from the reported literature.180 AuNCs (2.7 mL, 1.5 mg/mL) were dispersed into 
HEPES solution (3.5 mL, 20 mM, pH 7.4) under gentle stirring. Then, an aliquot of EDC 
solution (100 L, 100 mM) was added into the mixture for 30 min to active the carboxyl 
groups on the surface of AuNCs. followed by addition of the NSH solution (100 L, 100 
mM) with stirring for another 30 min. Afterwards, an aliquot of PVK PNs (300 L, 15.0 
g/mL) was added and the mixture was incubated for 12 h at room temperature. Finally, 




centrifugation under 10,000 rpm for 20 min. The purified nanohybrid was dispersed in 500 
mL of deionized water for further applications. 
5.2.6. Determination of cysteine using PVK@AuNCs 
The assay of cysteine using PVK@AuNCs was performed under optimized 
conditions. A 20 L aliquot of 1.0 mg/mL stock hybrid was mixed with different amounts 
of cysteine ranging from 0.5 M to 600 M in 10.0 mM HEPES solution (pH=11.0). After 
incubation for 360 min at room temperature, the fluorescence emission spectra of the 
mixture were recorded and the emission intensities at 385 nm and 630 nm were collected 
for the quantitative analysis. Selectivity of the cysteine determination was investigated by 
addition of different interferent molecules including alanine, arginine, glycine, glutamine, 
histidine, methionine, phenylalanine, proline, tryptophan, tyrosine, and valine. Operational 
conditions were the same as the previous experiments. Spike-recovery samples were 
evaluated by addition of 1 M and 100 M of cysteine into the diluted fetal calf serum.  
5.3. Results and Discussion 
5.3.1. Design of the FRET-based ratiometric nanoprobe 
A FRET-based nanohybrid was developed to improve the quantum yield of 
ordinary AuNCs. The nanohybrid was then used for cysteine determination through a 
fluorescence quenching process. One design feature was a close distance between the donor 
and accept sites in FRET nanohybrid (< 10 nm). This feature would allow transfer energy 
from much higher number photons to the acceptor of AuNCs and thereby yield a stronger 
fluorescence emission at 630 nm than a direct excitation of AuNCs at 385 nm. To achieve 
this higher quantum yield, a conjugated polymer nanoparticle (CPN) with excellent light-




Based on the literature,134, 181 hybrid AuNCs accept energy more efficiently via this FRET 
process than pure AuNCs do by direct excitation. Besides improving quantum yield of 
AuNCs, the conjugated polymer nanoparticles have excellent photostability, low toxicity, 
and fast energy transfer  
Because the excitation wavelength of the AuNC acceptor should overlap with the 
fluorescence emission of the donor to produce a strong FRET, the low-toxic poly(9-
vinylcarbazole) polymer (PVK) with a fluorescence emission peak at 385 nm was chosen 
as the FRET donor as shown in Scheme 5.1A. To produce a spherical nanoparticle from 
this conjugated polymer, a simple nanoprecipitation method was used that blended 
hydrophobic PVK with an amphiphilic block-copolymer (DSPE-PEG-PEI) in the water. 
The nanoprecipation of DSPE-PEG-PEI and PVK formed the polyvinylcarbazole polymer 
nanoparticles (PVK PNs) as shown in Scheme 5.1A. 
FRET efficiency is highest when the distance between donor and acceptor centers 
is short, so covalent crosslinking between −COOH groups on AuCNs and −NH2 groups on 
PVK PNs was employed to ensure close contact between the conjugated polymer 
nanoparticles and AuNCs. The −NH2 groups of the DSPE-PEG-PEI’s served perfectly on 
this regard. Also, EDC and NSH were used to assist in the interaction between −COOH 
groups and −NH2 groups as shown in Scheme 5.1A. Overall, the final hybrid nanoprobe of 
this synthesis yielded fluorescence emissions at 385 nm and 630 nm, when excited at 342 
nm because energy of the PVK PNs was efficiently transferred to the AuNCs.  
To demonstrate the nanohybrid’s application in bioanalysis, the biomolecule 
cystine was selected as the target analyte. Scheme 5.1B shows how the FRET dual-




the presence of cysteine, the signal intensity at 385 nm from PVK PNs remained constant 
as a convenient internal reference, but the signal intensity at 630 nm from AuNCs 
decreased significantly due to adsorption cysteine through formation of Au (I)-thiolate 
bonds under basic conditions and simultaneous disruption of the gold core gold cluster.182 
To relate these intensity changes to the concentration of cystine, a ratio approach was used. 
The ratio of the fluorescence intensities of 385 to 630 nm in the absence of cysteine, 
(𝐼385 𝐼630⁄ )0 = 𝐹0, was used as a blank reading. The ratio of the fluorescence intensities 
of 385 to 630 nm in the presence of cysteine, was referred as  (𝐼385 𝐼630⁄ ) = 𝐹. The ratio 
of (𝐹 − 𝐹0)/𝐹0 was related to the concentration of cysteine. 
 
Scheme 5.1. Schematic illustration of (A) the construction of PVK@AuNCs and (B) its 
application for cysteine detection. 
 




The morphology and size of the AuNCs and PVK PNs were characterized using 
HRTEM. The small dots of AuNCs with diameters at around 2 nm and excellent mono-
dispersity were observed in the HRTEM images (Figure 5.1A). The hydrodynamic 
diameter of AuNCs was measured to be 4  1 nm by DLS (Insert Figure 5.1A). Meanwhile, 
the monodispersed PVK PNs were observed to be spherical with a diameter of 35  6 nm 
in HRTEM images (Figure 5.1B). The hydrodynamic diameter measured by DLS was to 
be 47  1 nm (Insert Figure 5.1B), which was slight larger than that measured by high-
resolution TEM.  
Zeta potential of these two materials were also measured in 10 mM HEPES buffer 
solution under neutral pH condition and found to be -15  3 mV and 26  3 mV (Figure 
5.1C), respectively. Such negative charge of AuNCs and positive charge of PVK PNs under 
neutral pH condition provided the supportive information on the existence of −COOH 
groups on AuNCs and −NH2 groups on PVK PNs. 
 
Figure 5.1. (A) HRTEM image of AuNCs. Insert, the size distribution of AuNCs by DLS. 
(B) HRTEM image of PVK PNs. Insert, the size distribution of PVK PNs by DLS. (C) Zeta 
potential of AuNCs and PVK PNs in HEPES buffer solution (10 mM, pH=7.0). 
 
5.3.3. Optical properties of AuNCs and PVK PNs 
 Optical properties of acceptor and donor moieties are very important to assessing 




were investigated in 10 mM, pH 7.0 HEPES buffer solution (Figure 5.2). When the AuNCs 
are excited at 385nm wavelength, a fluorescence emission peak at 630 nm is observed. 
These properties are complimentary to the PVK PNs which have a fluorescence emission 
peak at 385 nm with an excitation wavelength at 342 nm. Because the emission 
wavelengths of the PVK PNs overlap with excitation wavelengths of the AuNCs, a highly 
efficient FRET occurs between the PVK PNs and AuNCs.  
 
Figure 5.2. Fluorescence emission and excitation spectra of AuNCs (black lines) and PVK 
PNs (red lines) in 10 mM, pH 7.0 HEPES buffer solution. AuNCs, λex = 385 nm, λem = 630 
nm; PVK PNs, λex = 342 nm, λem = 385 nm. 
 
To more fully understand the fluorescence properties of the AuNCs and PVK PNs, 
they were investigated over a range of pH (Figure 5.3). The fluorescence emissions of 
AuNCs (630 nm) and PVK PNs (385 nm) both increased slowly when pH increased from 
3 to 9 and had no change at pH 11. These results indicated that both materials were more 




AuNCs and amine groups on PVK PNs favored excited-state electron transfer that 
enhanced luminescence intensity.183 Overall, this result indicated that the combination of 
AuNCs and PVK PNs to construct a FRET assembly would present stronger fluorescence 
signals under basic condition.   
 
Figure 5.3. Effects of pH on the fluorescence intensity of (A) 0.2 mg/mL AuNCs at 630 
nm and (B) 0.5 mg/mL PVK PNs at 385 nm at different pH values. AuNCs, λex = 385 nm, 
λem = 630 nm; PVK PNs, λex = 342 nm, λem = 385nm. 
 
5.3.4. Optimization of AuNCs-PVK PNs hybrid 
The FRET-based hybrid was synthesized by chemically binding AuNCs and PVK 
PNs using the traditional protein coupling reagents EDC and NSH. The stoichiometric ratio 
of PVK PNs to AuNCs was optimized (Figure 5.4) to obtain the best FRET-based hybrid. 
Figure 5.4A shows the fluorescence emission of PVK PNs at 385 nm declined and had no 
obvious change when the volume ratio of PVK PNs to AuNCs was above 1:8. Therefore, 
the ratio of fluorescence signal intensity at 385 nm of PVK PNs in the absence (𝐼385−0) and 
presence (𝐼385) of AuNCs, referred as (𝐼385−0 𝐼385⁄ ), were also calculated (Figure 5.4B). 
The ratio of fluorescence intensity of PVK PNs increased and reached a plateau when the 




transferred from PVK PNs to the acceptor AuNCs. Therefore, the hybrid was obtained 
under the optimized volume ratio of 1:9.  
 
Figure 5.4. (A) Fluorescence spectra of PVK PNs at different ratios of PVK PNs to 
AuNCs. (B) Ratio of fluorescence intensity at 385 nm of PVK PNs at different ratios of 
PVK PNs to AuNCs (𝐼385). λex = 342 nm, λem = 385 nm 
 
5.3.5. Characterization of the nanohybrid 
5.3.5.1. Size, charge and optical properties of the nanohybrid 
The PVK@AuNCs described in this section were prepared under the optimized 
volume ratio of PVK PNs and AuNCs. The hydrodynamic diameter of the hybrid was 
measured by DLS and found to be 65  2 nm. These hybrids showed a negative charge of 
-18  4 mV under neutral pH condition, indicating good mono-dispersity in the solution. 
To better understand the fluorescent nanohybrid, its optical properties were also 
investigated. As shown in Figure 5.5A, the pale yellow PVK@AuNCs had two 
fluorescence emission peaks when it was excited at 342 nm. Because one peak was at 385 
nm (from PVK PNs) and the other was at 630 nm (from AuNCs), it was clear that the 
assembly was successfully synthesized. Moreover, the results showed that fluorescence of 




intensities at 630 nm were compared for hybrid and pure AuNC samples containing the 
same 50 mM of Au atoms (as shown in Figure 5.5A), the fluorescence intensity of the 
hybrid AuNCs was more than 2.5-fold higher. This fluorescence enhancement indicated 
that FRET occurred between the PVK PNs and AuNCs of the nanohybrid. A visual 
indication of tis FRET enhancement also evident in the photographs of Figure 5.5B which 
show that the hybrid emission is brighter than the solitary AuNCs under ultra-visible light 
and visible light.  
 
Figure 5.5. Fluorescence spectra of AuNCs and PVK@AuNCs that containing 0.05 mM 
Au atoms, λex = 342 nm. (B) Photographs of PVK PNs, AuNCs, and PVK@AuNCs under 
365 nm UV light (top) and visible light (down). 
 
 5.3.5.2. FRET efficiency of the nanohybrid 
Luminescence lifetime decay measurements of the PVK PNs, AuNCs, and 
PVK@AuNCs were carried out (Figure 5.6) to evaluate FRET efficiency of the 
nanohybrid. Two parameters, lifetime of fluorophores and transfer efficiency, were both 




Fluorophore lifetimes of PVK PNs and AuNCs samples alone were found to be 113 
ps and 30 ps, respectively, when the decay curves were fitted with an exponential decay 
function. By comparison, decay lifetimes of PVK PNs and AuNCs in the hybrid (46 ps, 
and 145 ps, respectively) were significantly different from the pure components. 
Specifically, lifetime of PVK PNs in the hybrid was shorted, while the lifetime of AuNCs 
in hybrid was prolonged. This behavior strongly indicates energy transfer from PVK PNs 
to AuNCs in the hybrid.  
Transfer efficiency (𝜑) was calculated by using the lifetime of the FRET donor 
PVK PNs in the absence (𝜏𝐷, ps) and presence of FRET acceptor AuNCs (𝜏𝐷𝐴, ps), as 
shown in Eq. 5-1.132, 184 
 𝜑 = 1 −
𝜏𝐷𝐴
𝜏𝐷
× 100 %  (5-1) 
The FRET efficiency of PVK PNs in the hybrid was around 59 %. After accepting the 
energy from PVK PNs, the lifetime of AuNCs in hybrid was lengthened, which was 
confirmed by the above lifetime decay measurement results.  
Moreover, the relative quantum yield of pure AuNCs and AuNCs in hybrid were 
measured by using the standard Rhodamine 101 in ethanol with 0.01 % HCl. Their 
quantum yield (Φ𝑥) was determined by using the quantum yield of standard (Φ𝑠𝑡=1 at 597 
nm), refractive index of ethanol with 0.01 % HCl (𝜂𝑠𝑡, 1.36) and HEPES solution (𝜂𝑥, 
1.33), the linear slope of the integrated fluorescence intensity versus absorbance of 
standard Rhodamine 101(𝑚𝑠𝑡) and pure AuNCs or AuNCs in hybrid (𝑚𝑥) in Eq. 5-2.
149 











The quantum yield of pure AuNCs and AuNCs in hybrid was determined to be 1 % and 3 
%, indicating successful and significant enhancement of quantum yield of AuNCs by 
covalently coupling them to the PVK PNs. 
 
Figure 5.6. (A) Fluorescence lifetime decay curves at 385 nm of PVK PNs and 
PVK@AuNCs. (B) Fluorescence lifetime decay curves at 630 nm of AuNCs and 
PVK@AuNCs. 
 
5.3.6. Cysteine determination using PVK@AuNCs 
To examine the feasibility of cysteine determination using the PVK@AuNCs, 
fluorescence spectra of AuNCs, PVK PNs, and PVK@AuNCs in the absence and present 
of 200 uM cysteine were measured in basic (pH 11.0) 10 mM HEPES solutions (Figure 
5.7A). In the presence of 200 uM cysteine, fluorescence intensity at 630 nm of both pure 
AuNCs and PVK@AuNCs decreased by 97 % and 73 %, respectively, but fluorescence 
intensity at 385 nm of both pure PVK PNs and PVK@AuNCs had no obvious change. 
These results demonstrated that the FRET ratiometric nanohybrid was a promising 
fluorescence sensing nanoprobe for the detection of cysteine.  
To better understand the fluorescence quenching process occurring between cystine 
and the PVK@AuNCs, UV-vis spectra of PVK@AuNCs in the presence of increasing 




absence of cysteine, the spectrum of PVK@AuNCs showed two absorption peaks at 345 
and 400 nm which corresponded to the PVK PNs and AuNCs in the hybrid, respectively. 
The peak at 345 nm remained consistent with additions of 0, 5, 10, 100, and 200 M 
cysteine but the peak at around 400 nm gradually declined, indicating the decrease of 
electron energy at around 400 nm. It has been reported that the -SH groups in the cysteine 
interacte with the gold atoms and etch the gold core to Au(I) which quenches the 
fluorescence signal of AuNCs.182 
 
Figure 5.7. (A) Fluorescence spectra of AuNCs, PVK PNs, and PVK@AuNCs with or 
without the addition of 200 uM Cysteine in 10 mM, pH 11.0 HEPES solution. (B) The UV-
vis spectra of 20 g/ mL PVK@AuNCs in the presence of different amounts of cysteine 
including 0.0, 5, 10, 100, and 200 M. 
   
5.3.7. Determination of cysteine 
To obtain the lowest limit of detection for cysteine using the FRET-based 
ratiometric nanohybrid, the reaction conditions for sensing 200 M cysteine including the 
pH, concentration of probe, and incubation time were optimized. Figure 5.8 shows the 
overall ratio of fluorescence intensity ((𝐹 − 𝐹0)/𝐹0) of PVK@AuNCs in the presence of 




Below pH 7 the fluorescence intensity ratio of the hybrid changed very little but it 
increased significantly under basic conditions. Although pH 11 falls well outside the 
physiological range of most biological systems, this was the optimal pH for detection of 
cysteine.  
Optimizations of the sensing probe concentration and incubation time are shown in 
Figure 5.8B and 5.8C. As the hybrid concentration was increased from 0 to 20 g/mL, the 
fluorescence intensity ratio of the hybrid reached a maximum and then decreased. 
Accordingly, an optimum concentration of 20 g/mL of hybrid was chosen for 
subsequence incubation experiments. Incubation time has a profound effect on quenching 
the fluorescence signal of hybrid by cysteine (Figure 5.8C), presumably because of a slow 
gold-thiol reaction. Incubation of the solution mixture for longer periods yielded greater 
quenching up to a limit 300 min, after which signal quenching reached a plateau. 
Accordingly, an incubation time of 360 min (6 hours) was chosen as optimum to ensure 
that the quenching reaction was complete for all samples.   
 
Figure 5.8. Fluorescence intensity ratio of the PVK@AuNCs in the absence and presence 
of 200 M cysteine under different conditions. (A), pH. (B), amount of PVK@AuNCs. 
(C), incubation time. λex = 342 nm, λem1 = 385nm, λem2 = 630 nm. 
 
The sensitivity of the nanoprobe for cystine was evaluated under the optimum 
reaction conditions established above. Different concentrations of cysteine were incubated 
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with the FRET-based nanohybrid for the proscribed incubation time, followed by 
fluorescence spectra measurement (Figure 5.9A). The fluorescence intensity at 385 nm 
remained almost constant while the emission at 630 nm decreased with cystine 
concentration until it showed no further change above 550 M. A calibration plot of the 
overall fluorescence intensity ratio ((F-F0)/F) versus concentration of cysteine is shown in 
Figure 5.9B. Two linear regions are clear from this plot; one at the lowest cystine 
concentrations between 0.5 M to 10 M (inear correlation 0.995) and at higher cystine 
concentration between 20 M to 550 M (linear correlation 0.996). The lower range 
demonstrated the highest sensitivity (i.e., greatest slope) and the limit of detection (LOD) 
determined from this linear region was 0.18 M. This LOD was lower than other methods 
using conventional AuNC as nanoprobes for cysteine.180, 185, 186  
 
Figure 5.9. (A) Fluorescence spectra of PVK@AuNCs in the presence of various amount 
of cysteine in 10 mM, pH 11.0 HEPES solution. (B) The plot of the ratio of fluorescence 
intensity of PVK@AuNCs at varied cysteine concentrations. λex = 342 nm, λem1 = 385nm, 
λem2 = 630 nm. 
 
5.3.8. Selectivity of cysteine determination 
Selectivity of the cysteine assay was also evaluated (Figure 5.10) by separately 




interferences present at a concentration of 100 M. Fluorescence intensity ratio of the 
hybrid increased in the presence of cysteine because the -SH groups were available to etch 
gold atoms in AuNCs in the nanoprobe. occurrence of etching gold atoms in AuNC by 
cysteine containing -SH groups.187 However, the fluorescence intensity ratio of hybrid 
remained almost unchanged when combined with many other potential interferences, 
indicating that the assembled FRET nanoprobe could detect the cysteine with high 
selectivity. 














Figure 5.10. Specific responses of PVK@AuNCs to cysteine over a common interference 
of 100 M. λex = 342. From left to right is for Blank, Alanine, Arginine, Glycine, 
Glutamine, Histidine, Methionine, Phenylalanine, Proline, Tryptophan, Tyrosine, Valine, 
and Cysteine, being abbreviated as Blank, Al, Ar, Gl, Glu, Hi, Me, Ph, Po, Tr, Ty, Va, and 
Cy, respectively. 
  
5.3.9. Detection of cysteine in fetal calf serum 
To examine the applicability of the assembled FRET probe to determine cysteine 




concentrations of cysteine (1 M and 100  M) in fetal calf serum diluted with HEPES 
buffer solution. The spiked recovery results from this assay are summarized in Table 5.1. 
The recoveries obtained with these samples were 98 % for 1 M cystine and 109 % for 100 
M cystine. These results demonstrate that the constructed nanohybrid has the potential 
for quantitative determination of cysteine in biological media. 
Table 5.1. Parameters for the application of PVK@AuNCs to the cysteine determination 
in the fetal bovine serum (10 mM HEPES buffer solution, pH = 11). 
Sample n Spiked (M) Found (M) Recovery (%) 
1 3 1.0 0.98  0.02 98  2 
2 3 100.0 108.8  6.67 109  7 
 
5.4. Conclusion 
In sum, we have developed a well-behaved FRET ratiometric nanohybrid using 
AuNCs and PVK PNs through chemical binding. The PVK PNs of this nanohybrid 
participate as a FRET donor and successfully transfer their energy with a 59 % efficiency 
to the acceptor AuNCs and demonstrate a quantum yield increase from 1 % to 3 %. The 
nanohybrid shows a strong response to the biomolecule cysteine in basic HEPES solutions 
due to etching the gold core of the AuNCs in the hybrid. The optimized assay shows 
excellent calibration sensitivity for cysteine with a LOD of 0.18 M over a linear range 









CHAPTER Ⅵ  
CONCLUSIONS 
The overall objective of this dissertation was to further the development of MCPs 
by improving their fundamental characterization and by creating new applications for 
biosensing and bioimaging. Chapter 2 of this work focused on the optimization of single 
particle inductively coupled plasma mass spectrometry (spICP-MS) for accurate analysis 
of metallic particles larger than 100 nm. This method offers significant advantages in 
comparison with the transmission electron microscopy (TEM) and conventional 
inductively coupled plasma mass spectrometry (ICP-MS) because it is capable of providing 
accurate metal concentration per particle for thousands of particles in a short period of time 
Chapter 3 demonstrated just how useful spICP-MS can be for routine 
characterization of metal distribution in MCP samples. Silica nanoparticles doped with 
tris(2,2’-bipyridyl)ruthenium(II) (Ru-SiO2 NPs) using a water-in-oil microemulsion 
method were used as a MCP model to investigate per-particle concentrations of metal 
dopant as measured by spICP-MS. The results showed the average concentration of metal-
dopant measured per-particle by spICP-MS is consistent with the bulk-sample methods 
over a range of dopant levels. However, the concentration of dopant measured per particle 
is not homogeneous and does not adhere to a simple Gaussian-like distribution encountered 
with simple one-component NPs, such as gold, silver, or TiO2. Instead, the amount of 
dopant has an unprecedented geometric distribution regardless of doping level. This 
demonstrates that a complex distribution mechanism is taking place during the 
microemulsion synthesis of these nanocoposites. More importantly, it illustrates that per-




the common assumption of homogeneous dopant distribution is valid. 
Chapters 4 and 5 describe the development of small size MCPs for application of 
biosensing and bioimaging. The methods highlighted in both chapters rely on gold 
nanoclusters (AuNCs) assembled with conjugated polymer nanoparticles (CPNs) to 
construct very different ratiometric fluorescence nanoprobes.  
Chapter 4 describes the development of a sandwich structured nanoprobe that was 
constructed by using conjugated polydioctylfluorene polymer dots (PFO CPNs) doped 
silica nanoparticles and AuNCs. In the presence of Cu2+, the fluorescence emission from 
AuNCs of the nanoprobe at 630 nm is quenched in contrast to the constant florescence 
emission from the reference PFO CPNs. The nanoprobe showed excellent sensitivity and 
selectivity for quantitative analysis of Cu2+ with a detection limit of 10.5 nM and excellent 
potential for imaging application with biological systems. 
Finally, Chapter 5 expands the ratiometric sensing applications of AuNCs by 
combining them with conjugated polyvinylcarbazole polymer nanoparticles (PVK PNs) to 
develop a very different nanohybrid. In this case the nanohybrid demonstrates a strong 
fluorescence resonance energy transfer (FRET) that can be used to determine cysteine 
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